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CopTonpokaTHOE MPOU3BOICTBO

AN Kun3un
OI'bOY BO «Marautoropckuii rocy 1apCcTBEHHBIN
TexHn4yeckuil ynusepceuretr uM. I'.M1.HocoBa»

OIIBIT UCITOJIB30BAHUSA TPEHAXKEPA-UMUTATOPA
«ITPOKATKA METAJLIA B PEBEPCUBHOM KJIETHA KPYITHOCOPTHOI'O CTAHA»
JJI HOAT'OTOBKHU CIIEHUAJIMCTOB 11O OBPABOTKE METAJIJIOB TABJIEHUEM

Annomayusi. B cmamve paccmampueaemcsi onvim UCHONb308AHUSL MPEHANCEPA-UMUMAMOPA
PesepCUBHOU 00IHCUMHOU O08YXBANKOBOU KIemu KPYNHOCOPMHBIX UNU PelbCOOANOUHbIX CMAHO8 8
npoyecce n0020MoBKU CNeYUaIUcmos 8 0oiacmu 0opabomKu Memaiios 0aeieHUeM.

Kurouesvie cnosa: mpenasicep-umumamop, 00ACUMHASL pedepCcusHas Klemvb, oOyueHue chne-
yuanucmos, 00pabomKka Memanios 0aseleHueM.

B 2017-18 romax aBTOp mpemogaBai Ha Kypcax Mpo¢eCCHOHAIbHON MEpernoAroTOBKHU CO-
tpyaaukoB AO «EBPA3 HmwxkHerarninbckuii MeTaJuTypruueckuii KoMOMHAT» 1o mporpamme «O0-
paboTKa METaJIOB JaBJICHUEM», IIPU 3TOM B y4eOHOM Ipoliecce aKTUBHO HCIOJIb30BAJICS TpeHa-
xep-umuraTop «IIpokarka mMeranna B peBepCHBHON KIETH KPYITHOCOPTHOTO CTaHa», B pa3paboTKe
KOTOpOTro aBTop npuHuman ydactue (Puc. 1.).

Puc. 1. O6yuenue crnenmannctoB AO «kEBPA3-HTMK)» Ha TpeHaxepe-uMuTaTope
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CopTonpokaTHOE MPOU3BOICTBO

Jannsiii TpeHaxkep paspabdoran kommanuei SIKE u ero moapoOHOe onucaHue MpeIcTaBIeHO
B OJJMHHAJIIATOM HOMepe KypHaina «KanubpoBouHoe Oropoy [1].

[Ipu pa3paboTke MAaHHOTO TpeHaXKepa OBUIO MPHHATO PEIICHHE MaKCHUMAalbHO YIPOCTHTH
KOHIIETIIIUIO U MaTEeMaTHYECKYI0 MOJIEIIb IPOrpaMMBbl, U, KaK MOKa3aJl OMbIT HCIIOJIb30BaHMs TpeHa-
&Kepa, 9TO 0Ka3aJI0Ch BEChMa IIOJOTBOPHBIM.

B mporpamme peanu3oBaH mporecc MPOKAaTKU MPSMOYTOJIBHBIX 3aTOTOBOK M3 OJIOMOB B pe-
BEPCUBHOW JBYXBAJIKOBOW KJIETH, KOTOPBIE YACTO HMCIIOJB3YIOTCS B Ka4eCTBE O0KUMHBIX Ha KpPYTI-
HOCOPTHBIX WJIN penbco-0aiouHbIX cTaHax. [Ipu 3ToM y monb3oBaresst €CTh TOJIBKO OJUH BapHAHT
KaJTHOPOBKM BAJIKOB M OTPAaHUYEHHBIA BHIOOP pa3MepoB OJIFOMa M TOTOBOM 3arOTOBKH, TEMIIEPATY-
pbI HarpeBa U Mapku ctaiu (Puc. 2).

5 l K E TPEHAKEP-MMUTATOP (0]s[e]
=11n% = “MPOKATKA METANNA B PEBEPCBHOM KNETV KPYMHOCOPTHORD CTAHA”

PeayneTaTel TecTHpOBaHUA

1. Mayuute natopaTopHy paboTy @
2. 3apanTe UeneBLIe NapaMeTpbl

Buicora, um | Wipuwa, um | Temneparypa, °C VMARHLIA Bl

| &0 80 | > 700 |

3. 3apalite HaYankHEIe NapaMeTPel 3aroToBKH

] Mapxa crann ‘Bmicora, wm | Wipwwa. um | fnwwa | Tewneparypa, 'C | Crysannein swidop |
| Cr3 rocT 390-2005 | o | 1500 150
380 -
2
400 150
|
4. NpokaranTe 3aroToBKY B PEXUME Dfiyaenne MU Tectupemanns |

Puc. 2. OkHo BBIOOpA HaYATBHBIX TTAPAMETPOB MIPOKATKU

[Tocrme BBIOOpa HAYATBHBIX MAPAMETPOB TOJIH30BATEIF MOXET PEATM30BaTh MPOKATKY BBI-
OpaHHOTO CeUeHUs, yIpaBisis POJbraHraMy, HAMPABJISIONINMHE JIMHEHKaMH ¢ KPIOKOBBIMU KaHTOBa-
TEJISIMHU, HAITPAJICHUEM BpAIIICHUS BAJIKOB M MEXBAJIKOBBIM 3a30poM (Puc. 3).

" MNpakTviy™ No TEXHONOMMW NPOKATEY METAINNE B PESEPCHEHOR KNETH KPYNHOCORTHOMD CTAHE

Jamasine ua npoxaTiy ueTanna

C3rocT 30008 | 200
Tapawerpu npowaten
Bpemn npoxatkn 00:00:01
KOonu4ecTED NPoXOAsE 0
0 05 1 2 5 10 Tewneparypa metanna, 'C 149

Yownme, ki Momenr, kH-u Mowmmocn. MiT
3000 400 25

Dpamsnie nankon Jasop
B mARKOR, LU

Hasag

Puc. 3. PaGouee okHO TpeHaXkepa
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CopTornpokaTHOEe TPOU3BOACTBO

Ho IIpru 5TOM Ha HeﬁCTBHH IMOJIB30BATCJIA HAJIOXKCHBI OIMPCACIICHHBIC OT'PaHUYCHHA, HAIlpU-
Mep, Helb3s 33/1aTh PAcKaT B BAJIKH, €CIIM €0 NIMPUHA OOJIbIIE IMUPUHBI KATHOpa WIIH yroJl 3aXBaTa
MeTayiia OOJIBIIE TOTYCTUMOTO, TAK)KE €CTh OTPAHUYCHHUS 110 TPOYHOCTH 000PYIOBAHHS M MOIITHO-
CTH JBWTATENs U T.J. Peanmsyemblil mporiecc MpoTeKaeT BO BPEMEHH, CKOPOCTh TEUYECHUSI KOTOPOTO
TAKXE MOXXHO BApbUPOBATL.

[Tonp3oBaTe b CaMOCTOSITEIBHO BBIOMpACT, KaKWE KAJIMOPBI 33JCHCTBOBATh, 3a30p MEXKIY
BAJIKAMH, KOJIMYECTBO MPOXOJIOB M KAHTOBOK. IIpm ocylecTBieHMrn OJHOrO Mpoxojaa Mporpamma
BBIYHUCIIICT TEOMETPHUUCCKUE Pa3Mephl packaTa, TeMIIEPATypy M SHEPTOCHIIOBBIC apaMETPhI, KOTO-
pble B JAJIBHEMIIEM HCHOJB3YIOTCS KAK HMCXOAHBIE AAHHBIE IS ClEAyromero npoxoxaa. JlaHHbII
pacueT ObUI peajn30BaH B MpPOrpaMMe Ha OCHOBE MPOCTEUINCH KOHIENTYalbHOH MPUYHMHHO-
cieactBeHHou moenu (Puc. 4).

Ho

Puc.1. KOHHGHTyaHLHaH NPUYINHHO-CIICACTBCHHAA MOJCIIb

Ha PUCYHKE B KPYIKKaX MPCACTABJICHBI YAUCJIOBBIC PACUCTHBIC UJIN YIIPABJIACMBIC IIAPAMCTPHI:

H 0 — BBICOTa pacKaTa Ha BXOJ€ B BaJIKH,

a — YroJl KOHTaKTa MeTajlia C BAJIKOM;

|1 — INTMHA pacKara Ha BBIXOJIE U3 BAJIKOB,

LO — JUTMHA pacKaTa Ha BXOJE B BaJIKH;

YA — 3a30p MEXK/y BaJIKaMHU,;

BO — [IHpHHA paCKaTa Ha BXOAC B BaJIKH,

Tl — TeMIiepaTypa packara Ha BBIXOJIC M3 BAJIKOB,
hl — BBICOTA paCKaTa Ha BbBIXOJIC U3 BaJIKOB,

TO — TeMIepaTypa packara Ha BXOJIE B BaJIKH,
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CopTornpokaTHOEe TPOU3BOACTBO

o — COIIPOTUBJICHUEC MCTAJJIA MIaCTUYECKOM I[C(i)OpMaI_II/II/I;
bl — IIMPHUHA pacKaTa Ha BBIXOJIC U3 BAJIKOB,
P — yCUJIHUC ITPOKATKH.

CtpenovykamMu Ha PUCYHKE TIOKa3aHa B3aMMOCBSI3b MEXKAY MMapaMeTpaMu, a 3HAK «+» WIH «-»
Ha KOHILIE CTPEJIOYKH MOKa3bIBAET, YBEINYUBAETCS WIIM YMEHBIIAETCS TapaMeTp Ha KOHLE CTPEeIoy-
KU C YBEJIMYCHUEM TapaMeTpa B Hadajie cTpesiouku. Hampumep, yBelIndeHne 3a30pa MEXIy BajKa-
MU MIPUBOAMT K YBEJIMYEHHUIO BBICOTHI PacKaTa Ha BBIXOJE U3 BAJIKOB, U T.A. Jlpyrue B3auMoCBs3H,
KpOMe TeX, YTO yYKa3aHHbI Ha puc. 4 He paccMaTpuBaloTcs. [Ipu 3TOM JaHHBIE B3aMMOCBSI3U PeajIv-
30BaHbl HA OCHOBE CaMBbIX MPOCTHIX (POpMyII.

M3MeHeHne TeMrepaTypbl packaTta 3a BpeMs NPOKATKU B KaTuOpe U MepeMeleHHs ero K clie-
JyIOLIEMy KaJluOpy pacCUMThIBAIMCH HAa OCHOBE Meroja A.M.1lennkoBa, ydUTHIBAIOIEro MOHMKeE-
HHUE TeMIIEpaTyphl BCIEACTBUE OTJAUM TEIUIOTHI M3IYyYCHHEM U MOBBIIICHUE TEMIIepaTyphbl packara
BCIIC/ICTBUE TIEpeX0Jia MEXaHNUECKOW dHepruu Jedopmanun B TeIuoty [2]. YumpeHue paccuuThl-
Basioch 1o popmyine b.I1.baxTiuHOBa 17151 AMMUHBIX KanuOpos [3].

HecmoTpst Ha cTOJIB MPOCTYIO MAaTEMATUYECKYIO MOJIENb, U KaK MOKAa3aJI0 MPaKTUYECKOE UC-
N0JIb30BAHUE JIAHHOTO TPEHAKEepPa-UMHUTATOPA, BCE OCHOBHBIE 3aKOHOMEPHOCTH TPOIIecca MPOKATKU
OTPa’KalOTCsl BIIOJIHE a/IEKBATHO, U 110 3aBEPEHHUSIM MHOTUMX IPAKTUKOB, KOTOpbIe IpoOoBanu pado-
TaTh Ha JAHHOM TPEHAXKEPEe, OH MOKET OBITh MCIOIB30BaH Il 00yUeHHs HE TOJBKO CIIEUAINCTOB
10 00paboTKe METAJIJIOB JIaBJICHUEM B YUEOHBIX 3aBECHMSX Pa3IMYHOIO YPOBHS, HO U KaK TpEHa-
Kep A7 IeHCTBYIOIIMX ONEpaTOPOB MOCTOB YIPABJICHUS PA3IHUHBIX IPOKATHBIX CTAHOB.

ITpocToTa TpeHaxkepa MO3BOJISAET MOJIB30BATENI0 OBICTPO OCBOUTH pabOTy ¢ MPOrpamMMOii, U4TO
HE BBI3BIBAECT OTTOPKEHUS y CIylIaTelei ¢ HadaJbHBIM YPOBHEM IIOATOTOBKH, U B TOXKE BpeMs
porpaMmMa J1aeT JOCTaTO4YHY CBOOOMY NEMCTBUI Ul pealu3allid MHOXKECTBA PEKUMOB IPOKAT-
K{, YTO MHTEPECHO JJisi 0oJiee MPOABUHYTHIX MOJb30BaTenell. Takum oOpa3om, 00ydaromuecs, Ko-
TOpBIE TOJIBKO 3HAKOMSTCSA C OCHOBAaMH IPOKATHOI'O MPOU3BOJCTBA, MOTYT «I104yBCTBOBATh» IIPO-
1[eCC MIPOKATKH, MMOHATh OCHOBHBIE 3aKOHOMEPHOCTH U OTPaHUYEHUS, YBUIETh TEUCHHUE TPOIIEcca BO
BPEMEHH, a CTYJIEHTBI CTApIIUX KYypCOB MJIM Ja)Ke JEHCTBYIOIIME CHEIMAIMCThl, MOTYT MOMpPo0O-
BaTh OCYIIECTBUTH PA3JIMYHbIC PEKUMBI MPOKATKU, CPABHUTh MX MEXAY CO0O0M MO pa3IMYHBIM Ia-
paMeTpaM M OCO3HATh IeHy OomuOKku. Taxke mporpamma Mo3BOJsIET padoTaTh B PEXXUME «00yde-
HUS» — KOT/Ia TI0JIh30BaTENIb MOKET BUJCTh TEKYIME pa3Mephl packara, U B PeXHME «TeCTHpPOBa-
HUS» — KOTJIa TIOJIb30BATENh BUIUT TOJIBKO UTOTOBBIM Pe3ysIbTaT, YTO MPHUOIMKEHO K pealbHON pa-
00Te onepaTopa peBEpCUBHOM KIIETH.

MOXHO 3aKIIOYHTh, YTO pa3paboTKa TPEHAKEPOB PA3IUUHBIX MPOIECCOB MPOKATHOTO MPOU3-
BOJICTBA BIIOJIHE MOKET ObITh OCHOBAHA HA CAMBIX MPOCTBIX MAaTEMAaTUUYECKUX MOJEIAX, MPU yCIIO-
BUU a/ICKBATHOTO OTPAXXCHUsI OCHOBHBIX 3aKOHOMEpHOCTEH. B Toxke Bpemsi cTpemiieHHE y4ecTb
MaKCUMaJIbHOE KOJIMYECTBO MapaMeTPOB U MPOLECCOB 3a4acTy0 MOXKET MPUBOJAUTH K BHYTPEHHUM
IPOTUBOPEUHSIM, HEOOOCHOBAHHOMY YCIIOKHEHHIO POTPAMMHOTO MPOAYKTa, POCTY TpeOOBaHUN K
anmnapaTHOM 4acTH TpeHaXkepa U, Kak CJIEJCTBHE, K €ro y1opokaHHio. B nurore nogo6Hsle foporue
TpEeHaXXepbl OKA3bIBAIOTCS CIOKHBIMU B OCBOCHUH HE TOJBKO JUIsl 00yYaromuxcs, HO U JJIsi CaMOro
npenojaBaTens, U, Kak CIeICTBHE, OOJbIIas 4acTh 3aJOXKEHHOTO (DyHKIMOHAJIAa HAa MPAKTUKE HE
UCTIOJIb3YETCSI, YTO HY>KHO MMOMHHUTH KakK pa3paboTyMKaM, TaK M 3aKa3uMKaM MOJOOHBIX TpEeHaxe-
POB-UMHUTATOPOB.

bubanorpaguyecknii Ciucoxk

1.  UYynunuosa I0.A., TuxonoB A.B. Tpenaxep «SIKE. [IpokaTka MeTania B peBEpCUBHOM KIIETH
KpynHocopTHOro  crta"a» //  KamubGpoBounoe  OGropo. 2017. Nell. C.13-17.
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D.1.Kinzin
Nosov Magnitogorsk State Technical University

EXPERIENCE OF USING TRAINER-SIMULATOR
«METAL ROLLING IN A REVERSING ROUGHER HEAVY BAR MILL STAND»
FOR TRAINING OF SPECIALISTS IN METAL DEFORMATION PROCESS

Abstract. The article discusses the experience of using a trainer-simulator of reversing
rougher heavy bar mill stand in the process of training specialists in the field of metal forming.

Keywords: trainer-simulator, reversing rougher heavy bar mill stand, training specialists,
metal forming process.
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HI/ICTOHpOKaTHOC IMPOU3BOACTBO

A.H.Koab16anoB
OI'bOY BO «Marautoropckuii rocy 1apCcTBEHHBIN
TexHu4yeckuil yausepceurer uM. I'.M1.HocoBa»

IMOCTAHOBKA 3AJIAYM BOCIIPOU3BEJEHUSI MATEMATHYECKON MOJIEJINA
PACYETA IAPAMETPOB HECUMMETPUYHOM ITPOKATKH *

AHHOmaL;u}Z. B cmampwe cqbopMszupoeaHa u nocmasnena 3a0a4d eocnpou%edenuﬂ mamema-
muyeckot Mooenu pacdyema napamwempoe HecuMMempuuHOﬁ MOHKOJIUCMOBOLL npoKkamku noJoc.

Kniouesvie crosa: HECUMMEMPUYHAA NPOKAMKdA, 6EPMUKANbHAAL ACUMMEMPUS NPOKAMKU,
qbopMa ovaza 06960]?/!/16114”24, KuHemamuvieckKue napamenipsbl, KOHNMAaKmMHble HANPAINCEHUA, IHEP2OCU-
Jl06ble napamempbol.

BBenenue

PeanbHbIi TpolIecC TOHKOTUCTOBOM MPOKATKH HE SIBISIETCS B M€aje CUMMETPUYHON MPOKAT-
koi. Ha mpakTuke TpaHWYHBIE YCIIOBUS METaula C BaJKaMU BCETJa pPa3jiuvaroTcs, a (U3UKO-
MEXaHMYECKHEe CBOMCTBAa METalljla MEHSIFOTCS 10 BhICOTe ouara aedopmanuu [1]. D10 mpoucxoaur
W3-3a psija MPUYUH: JTOMYCKUA Ha pa3HUIy AUaMeTpoB padbounx (10 2%) u onopubix (1m0 10%) Ban-
KOB, HEPAaBHOMEPHOCTh IMOJaYl CMa3Ku M OXJIKIAIOUICH KUAKOCTH Ha MOBEPXHOCTh MeTalljia U
BaJIKOB, PAaccOrjlacOBaHUE CKOPOCTEM ABUrarenel MHAMBHUIYaJbHOTO MPHUBOJIA, HEPABHOMEPHOCTH
HarpeBa M OXJIAKJECHUs MeTasa [2].

Bce 310 mpuBOAUT K HECUMMETPUYHOMY TEUEHHUIO MeTauia B o4are aegopmanmu. s ero
ydeTa MOXKHO MCIOJIb30BaTh MaTeMaTHYECKyIo Mojiensb [3], paspaborannyro CkopoxonossiM B.H. B
1977 rony, nns pacuera yCWIMS HECUMMETPUYHOM MPOKATKU TOHKUX Toyioc. C ee MpUMEHEHHEM
OBLIM TOJY4YEHBI XOPOIIUE Pe3yJbTaThl MpH perieHuu psga 3amad [4-10]. [lostomy g nanbpHe-
niei paboThl BEIOMpacM HMEHHO TaHHYIO MOJIEIb.

Oco6ennoctu matemaTudeckoi moaenu Cxopoxonosa B.H.

Moens TO3BOJISIET PacCCUUTHIBATH MPH HECUMMETPHUYHOM TIpoIiecce MPOKaTKu (GopMy odara
nedopMaluu, KHHEMaTHYECKHUEe MapaMeTphl, KOHTAKTHbIC HAMIPSKEHUS, CUJIOBBIE U SHEPTEeTHUECKHE
napaMmeTpsl. PacueT BemeTcs i OJHOTO MPOAOIBHOTO BEPTUKAIBLHOTO CEYeHHs oyara jaedopma-
IIUU C YCIOBUEM, UTO TPAHUYHBIE YCIIOBUS MOJIOCHI C BaJIKAMU U (PU3UKO-MEXaHUYECKHE TapaMeTphl
METaJlJIa HE U3MEHSIOTCS 10 IIUPHUHE MTOJOCHL.

[Ipoexuys JIMHHBI JyTH KOHTAKTa METAJJIa ¢ BEAYIIIUM BaJIKOM:

17 = /AHR_, +0,5H,t924,,, D)

C BeIOMBIM BaJIKOM:
13 = /JAH R_, —0,5H3tgz43,,,. (2)

rne  AH - a6comorHoe o0xkartue;
ch — YCPEHEHHBIN panyC BaJKOB;
H; — KoHeuHas TOMIIMHA NONOCH TIOCIIE MPOKATKY;
ﬁnp — IpEleNbHBIN YIoJl HAaKJIOHA MONEPEYHOr0 CEYEHMs IOJIOCH Ha BBIXOJE W3 odYara Je-

dbopmaruu.

' HayuHblil pyKOBOIMTENb MATHCTPAHTA — K.T.H., Tipodeccop kap. TOM MI'TY M.U.Pywmsnies
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Benuunna o6xatus MeTaiia BEyIIUM BaJIKOM:

AHL = %( [AHR_, +05H,tg8,,f | 3)

BenoMbIM BankoMm:
1
2
AH ==z ( /AH R, —O,5H1tg,8np)z, (4)

e Ru R? - pasryChl BEAYILETO U BEIOMOIO BaJIKOB COOTBETCTBEHHO.

[IpoM0IBLHOE BEPTHKAILHOE CeueHHe odara nedopMmaruu pazousaeTcs Ha N JIEMEHTOB M
JUIS KaKJIOTO DJIEMEHTA YMCIEHHBIM METOJIOM PACCUMTHIBAIOTCS BCE OCTAIBHBIE TTAPAMETPHL.

Vo HAKJIOHA BEPTUKATHLHOTO MOMIEPEYHOTO CEYEHHUS TTOJIOCHL:

1

1 0

KonTakTHOE MNEpEeMCIICHUC TTOJIOCEI OTHOCUTCIIbHO MMOBCPXHOCTH BCAYIICTO BaJIKaA:

Ui =Ukia) + M) (6)
OTHOCI/ITGHLHO HOBerHOCTI/I BC€COOMOI'O BaJIKA:
Ui =iy — M) (7)

rae U ki(1) — MepEeMEIICHNE MEeTaJlla OTHOCHTENIEHO OBEPXHOCTH HHCTPYMEHTA, BhI3BAHHOC BbI-
TSXKKOM II0JIOCHI;
U ki(2) — TMepeMeICHHE MeTajlla OTHOCHTEIBHO IMOBEPXHOCTH HHCTPYMEHTA, BBI3BAHHOC

paccoriacoBaHHEM OKPYKHBIX CKOPOCTEH BaIKOB;
Y — BappupyeMslif mapamerp.
KacaTepHOE KOHTAKTHOE HATIPSKEHHE CO CTOPOHBI BETYIIETO BAJIKa:

Uk?
T :/Upilv—llci- (8)
Co cTOpOHBI BEJOMOTO BaJIKa:
2
, Uk
Ti = HP; V—Z'Ci ! 9)

rae  u — kodhduLuueHTa TpeHus;

1 2
Pi u Pj — HOpMalbHOE KOHTAKTHOE HANPS KEHUE CO CTOPOHBI BEAYIIETO0 M BEIOMOIO Baj-

KOB COOTBCTCTBCHHO,

1 2
Ukl u Ukl — KOHTAKTHOC NCPEMCUICHUC TTO0JIOCBI OTHOCUTCIIBHO IMMOBCPXHOCTH BECAYIICTO U
BEAOMOTI'O BaJIKa COOTBETCTBCHHO,

1 2
V= n 'V — okpyxkHast CKOPOCTb BEAYIIETO H BEIOMOTO BaJIKOB COOTBETCTBEHHO;
C; — nonpaBoyHbIii KO3 PUIHEHT.

HOpMaJ'IBHOe KOHTAaKTHOC HAIPAXKCHUC CO CTOPOHBI BEAYHICT'O BaJIKA:

KanubpoBounoe 6tropo (www.passdesign.ru). 2018. Beimyck 13 11
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_ Gil +2\/Ki2[1+ 4,ui2]— (O'Il)2 ,uiz

Pi : 10
| 14,2 (10)
Co cTOpOHBI BEJOMOTO:
2 2 2 2 2
loF +2\/K- 1+ 4 17 |—\o; -
p = |[ /uu] (1)2/“., (11)

1+ 4 4}

1 2
rae  Oj u Oj — NpOJOJbHBIE HANPSDKEHHUS B TOYKAaX KOHTAKTa MeTallla C BEAYIIUM U BEAOMBIM

BaJIKOM COOTBETCTBCHHO,

K; — conporusnenne nedopmarmm.

[IpononbpHBIE HAMPSHKEHUS B TOYKAX KOHTAKTa METAJlIa C BAJIKAMU B CEYEHHUSAX BXOJla U BbI-
X0J1a U3 oyara e opMaium:

ot =—F o1, —0,500; (12)
O'i2:1 =Yor, — 0,50,; (13)
o-ilzn = ‘PO'Tl —0,507; (14)
oten=—Yor, +0,507; (15)

rac GTO n GTl — [IPEACI TCKYyUCCTH METaJllla HAa BXOZAC U HA BBIXOAC U3 O4ara I[C(I)OpMaI_II/II/I;

Op 1 O71—3aJHCC U ICPCIHCC yACIIbHOC HATKCHUC,

Y — BapbUpyEMBbIil TapaMeTp.
VYeunue npoKaTKu:

AX
P=B "p——. 16
> p'c05¢i (16)
MOMGHT HpOKaTKI/IZ
AX
M =BRY "5 —— an
COS @;

rae B — mmpuna nomnocs;

AX — JUIMHA OJHOTO DJIEMEHTA.

Pacuer BeneTcs 3a c4eT 3aJaHHBIX MCXOJHBIX JaHHBIX U BapbUpoBaHMsA napametpoBV u j
JI0 T€X TIOp, MOKa He OyAeT JOCTUTHYTO YCIIOBHE PABHOBECHS B CUCTEME «BEIYIIHI BaJIOK-TI0JIOCA-
BEIOMBII1 BaJIOK».

Bocnpoussenenne maremarudeckoiit moaesan Crkopoxogosa B.H.

I[aHHaSI MareéMaTH4YCCKasds MOACIb, y‘-II/ITI:IBaeT HeCI/IMMeTpI/I‘-IHOG TCUCHHUC MCTaJlJla B Oo4are
nedopmaiuu mpy pacyeTe nmapaMeTpoB TOHKOJIMCTOBOW XOJIOIHOM MpokaTku moJioc. CriemoBaTeib-
HO, €€ MOXXHO IPUMEHSTD Ul pa3pabOTKU PEeKUMOB MPOKATKU OMU3KUX K CUMMETPUYHBIM U HE-
CHUMMETPUYHBIM TponieccaMm. B Hammx wuccienoBanusax [12-14] takas Moaens mpeaHa3HayeHa, B
YaCTHOCTH, JUIs MPOTHO3a KOd((HUIIMEHTA MOJATIMBOCTH ITOJOCHI AP/ Ah ¢ yuerom peanbHOI
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aCMMMETpHUH Ipolecca NPOKAaTKU Ha MPOMBIIUIEHHBIX cTaHax. [loaToMy Mozaens NOKHA paccuu-
THIBaTh YCUJIME HECUMMETPUYHON TOHKOJIMCTOBOM MPOKATKH C MOTPEUIHOCThIO He Ooiee 15% [3]
IIPU [IPaBUIIBHOM 33JJaHUM UCXOHBIX TaHHBIX.

OcobeHHOCTBIO MoJenu, pazpaboraHHoi B.H.CkopoxomoBbIM, sIBIIsS€TCS ONpeaeieHne 3Ha-

YCHUA MPECACIIBHOTO yIJla HaKJIOHa np IOMNEPCYHOTI0 CCUCHUS II0JIOCHI Ha BBIXOAC M3 Oo4dara ac-

dopManuy ¢ TOMOIIBI0 HOMOTPaMMBbI, IOCTPOCHHOMW 10 pe3yJIbTaTaM 3KCIIEPUMEHTAIBHBIX HCCIIe-
noBanuil. Cre0BaTeNbHO, ISl BOCIIPOM3BEACHUS YKa3aHHOW MOJIENN C HEOOXOJMMON TOYHOCTHIO
HEO0OXOAMMO TMOIYYUTh Hau0oJIee TOYHOE OTOOpaKEHUE YKa3aHHOW HOMOTPaMMBI.

3akJjarouyeHue

Ha npaktuke CMMMETpUYHBIN MpOLIECC NPOKATKH HE SBISAETCS TAKOBBIM IO psAAY NPUYHMH
(paccoriacoBaHHe CKOPOCTEH BaJIKOB, pa3HOCTh JHAMETPOB BAIKOB M T.1.). sl MX yueTa mpu pac-
gere kodddunmenta nogarausoctu nonocsl AP/Ah B ycnoBusix peanbHoit acuMMeTpun NpoKaTKu

Ha NPOMBIIIJICHHBIX cTaHaX Oblia BeIOpaHa MaTeMmaTudeckas mozaenb Ckopoxonosa B.H. beuta mo-
CTaBJICHA 3a/la4ya BOCIPOM3BEACHUS MaTeMaTH4ecKoil Moaenu B cpeae Microsoft Excel Ha ocHoBe
Visual Basic for Applications [11]. s gocTHXeHUs yKa3aHHOM LeIH HEOOXOIUMO OTOOPa3HTh
HOMOTpaMMy 3aBHCHMOCTH yTIJla HAaKJIOHA ITOTIEPEYHOTO CeUeHHs OT (haKTOPOB MPOIIECcCca MPOKATKH.
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A.N.Kolybanov
Nosov Magnitogorsk State Technical University

STATEMENT OF THE PROBLEM TO REPRODUCTION
OF THE MATHEMATICAL MODEL OF CALCULATION OF THE PARAMETERS
OF THE ASYMMETRIC ROLLING

Abstract. The article formulated and posed the problem to reproduction of the mathematical
model of calculation of the parameters of the asymmetric rolling.

Keywords: asymmetric rolling, form of hearth of deformation, kinematic parameters, contact
stress, power parameters.
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A.H.Koab16anoB
OI'bOY BO «Marautoropckuii rocy 1apCcTBEHHBIN
TexHn4yeckuil yausepceurer uM. I'.M1.HocoBa»

OJIUH U3 BO3MOXHbBIX BAPUAHTOB BOCITPOU3BEIEHUSA
MATEMATHUYECKOM MOJIEJIU PACYETA IAPAMETPOB
HECUMMETPUYHOM ITPOKATKH 2

Aunomayus. B cmamve paccmompen u peanuz08an 0OUH U3 603MONCHLIX BAPUAHIMOE BOCHPO-
U38e0eHUsl NPOSPAMMYL PACHema Napamempos HeCUMMEMPUYHOU NPOKAMKU HA OCHO8e Mamema-
muueckou mooeau Ckopoxooosa B.H.

Kniouesvie cnoea: necummempuunas npoKamkd, GEPMUKANbHASL ACUMMEMPUs NPOKAMKU,
Gopma ouaca depopmayuu, KuHemMamuyeckue napamempsl, KOHMAKMHblE HANPAANCEHUS], IHEPSOCU-
J108ble NApaAMempbi.

BBenenue

Pannee Obuta cpopMyIHpOBaHa U MOCTaBJICHA 33j7a4a BOCIIPOM3BECTH MAaTEMaTHYECKYIO MO-
nens CxopoxonoBa B.H. [1] pacuera mapameTpoB HECHMMETPUYHON TOHKOJIHMCTOBOW MPOKATKU B
cpene Microsoft Excel na ocHoBe Visual Basic for Applications. OHa yuuTbIBa€T HECUMMETPHUHOE
TEUYEHUE MeTayia B odare JeOpMaluu M TO3BOJIUT Pa3padaThiBaTh PEKUMBI MTPOKATKU IS TIPO-
MBIIIEHHBIX CTAHOB C YYETOM peajlbHOM HECUMMMETPUYHOCTH Mpoliecca. YUeT peaJbHOH HECHM-
METPUH BaXKEH, B YACTHOCTH, JUIS TIOBBIIIEHUS] TOYHOCTH MPOTHO3a KOAPPHUIIMEHTA MMOIATINBOCTH
nonocst AP/Ah npu onpenenennn ynpyrux nedopMaumii BankOBOH CHCTEMbI ¢ LENb) OLECHKH

OrPaHUYCHHUII 0 TONEPEYHON Pa3HOTOIIIMHHOCTH U IIOCKOCTHOCTH MTPOKATAHHOM MOJIOCHI [2-4].

OcobenHOCTBIO MOJenH, pa3zpaboraHHoi B.H.CKOpOX0omOBBIM, SIBIISIETCSI ONpeEAeTeHUEe 3Ha-
YEeHHUS yIJla HaKJIOHA MONEPEYHOr0 CEYCHHMs, BBI3BAHHOTO HECUMMETpPUEH TPaHUYHBIX YCIIOBHH, C
IIOMOIIBI0 HOMOTPAaMMBI, ITOCTPOEHHOM IO pe3yjbTaTaM JKCIEPUMEHTAIbHBIX HCCIeNOBaHUU. B
JaHHOW paboTe MOIyYeHO YHCICHHOE 0TOOpaKeHUe YKa3aHHOH HOMOTpaMMBI B 00JIaCTH, COOTBET-
CTBYIOHIeﬁ PCAJIbHBIM IIpoHeCCaM MPOKATKKU Ha IMPOMBIINIJICHHBIX CTaHAaX.

MeToauka uccjie10BaHuA

J1s mostyyeHust MaccuBa 3HA4EHUM yTIila HAKJIOHA ITONIEPEYHOrO CCUECHUS By B obacTu pe-

aJbHOM HECUMMETPHUYHOCTH IIpOLIEecca MPOKATKU Ha MPOMBIIIJIEHHBIX CTaHAX BBIMOJIHSUIM PACUETHI
1o nporpamme, paszpaboranHoit mo onucanuo moaenu B.H.Ckopoxonosa B pabote [1]. Pesxxumbl
IPOKATKH (00XKaThsl, HATSHKSHUS, TIPEAEIIbl TEKYUEeCTH MeTalia B KOO(QPHUIIMEHTH TPEHHS) IPUHSIIHA
10 JTaHHBIM paboThl [5, Tabn.2] (Bcero 60 BapmaHToB). Bo Bcex cimydasx 3aqaBaiy pasHUILYy AHA-
meTpa BankoB 2%. IIpu 3TOM paccoriacoBaHue OKPYKHBIX CKOPOCTEH BaJIKOB HAXOAMIIOCH B IIpe-
nenax ot 1 go 1,02. Yronm HakiOHa MONEPEYHOIrO CEYEHHUs IOJIOCHI BapbHPOBAJIN KaK HCXOJIHOE
JIAHHOE W 33 MCKOMOE 3HaYeHHe [3, . NPUHMMAIM TaKOE, NIPH KOTOPOM PaCcueTaMH 1o Mporpamme

MoJjry4dajii paBHOBECHOC COCTOAHUC CUCTCMbI «BAJIKHU-IIOJIOCA)».

HOCTpoeHHe M OlleHKAa MaTeMaTH4eCKoil MoaeJau JJis MPOrHo3a yrijia HaKJIoHa mnmoimnepe4-
HOI'o CCYCHUA

Pacyetamu Mo M3710KE€HHOH BBIIIE METOAMKE MOTYYUIN YUCIOBOW MAacCHUB, COCTOSIIIUHN U3 60
HaOmroAeHui. st MOCTPOCHUSI MaTeMaTHUEeCKOM MOJIENIH, OTOOpaXKaroiel BIUsSHUAE YCIOBUN TPO-

> Hay4HbIif pyKOBOJMTENb MATHCTPAHTA — K.T.H., ipodeccop kap. TOM MI'TY M.U.PymsiHies
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KaTKK Ha BEJMYUHY yIia /3, ., NCHIONb30BAIH HEJIMHENHBIM MHOKECTBECHHBIM PErPECCUOHHBIN aHa-

a3 ¢ nomoiupto nporpammbl STATISTICA [6]. Beuta nonyueHna ciegyromas annpoKCuMarus:
B,, =156,49+153,75H, — 23,89H§ —159,6H, —33,42H{ —0,35D +0,0002D* —
—201241+5197,24° +0,39820, —2-10 07 - 0,410y, +10 07 — 01010y +

+3-10°6¢ +0,04660, —8-10° o7 —0,9065 —5-10 * &2 +55,739H o H, —
~0,178H,D +0,2007H,D — 2083H oz + 2376,2H, 11+ 2,4159D 11

~0,07Ho7, +0,0816H,07 —4-10* Doy 41180y, +0,0874H oy, —
—0107H,07, +0,0004D o7, +3,6866u07, + 3-107 or,07, +0,0134H40, - @
—0,028H,04 +10* Doy +0,406104 —10™* o7, 09 +10 2 07,00 —
—~0,016H,07 +0,0153H,07 +10° Doy - 0,445,067 —9-10 o7 0y +
+7-10°07, 0y +4-10 6407 —0,218H,6+ 710" D + 21,912 6

~4-10°07 £-2:10" 5y,

rie  Hy u H; — HauanbHas ¥ KOHEYHas TOILIMHA T10JI0CHI;
D — nuameTp BeIOMOTO BaJKa;
1 — Kodddurrenrta TpeHus;
£ — OTHOCHUTEIILHOE 00KaTHE;

OT, H OT, — Hpejen TeKy4ecTH METallla Ha BXO/IC M Ha BBIXOJIE U3 Odara nedopmanny;

Op U O7 —3adHCC U ICPCIHCC YACIbHOC HATXKCHHUC.
Ha pHCl MMpeacCTaBJICHA AUarpamMmMa COOTBCTCTBHUA YyIJIa HAKJIOHA ﬂnp MOJIYYCHHOT'O 3KCIIC-

PUMEHTAIBHO M PACCUYUTAHHOTO C MOMOIIBIO BhIpaxkeHus (1). B Tabn. 1 mpuBeeHbl OTHOCUTEIb-
Hble & U aOCOJIOTHBIE A MOTPEUIHOCTH, KOA((UIMEHT AeTePMHUHAIMH (CTEIIEHb COOTBETCTBHS)

RZI/I neiicreenHocts [7, 8] E 5 MOJy4YEHHON MAaTEMaTHYECKOM MOJENIH IIPU ‘5‘ < 50% Ykazan-

HBbI€ OLIEHKM KayecTBa MOJEIM IOKAa3bIBAIOT, YTO €€ COOTBETCTBHE pPE3yJIbTaTaM SKCIIEPHUMEHTA
MOYKHO CUHUTATh OTIMYHBIM.

JlononHuB paHee pa3pabOTaHHYIO MPOrpaMMy 3aBUCHUMOCTBIO (1) MOBTOpMIIM pacueT AJs uc-
XOJHOTO MacCuBa PEXHMMOB IPOKAaTKU. Pe3ynbTaTel mepepacdera MpeACTaBIECHbl Ha pUC.2 U B

Ta611.2. OTHOCHTENbHbIE O U aGCOMIOTHBIE A MOTPEIIHOCTH, K03 (PUIIMEeHT AeTepMHuHaIH (CTe-

2 o o o
IICHb COOTBGTCTBI/IH) R n AOCUCTBCHHOCTH E5 MOJIYYCHHON MAaTCMAaTUYCCKOU MOJICIN IIpH

‘5‘ S 5% . YKa3aHHbIe OICHKH KadyecTBa MOACIH IMOKAa3bIBAKOT, UTO €€ COOTBETCTBUC PC3yJibTaTaM

9KCHEPUMEHTA MOYKHO CUUTATh XOPOIINMH.

Tak»e BbINOJHWIN KOHTPOJBHBIA pacyeT AJisl peKUMOB MPOKATKHU (Tadi. 3), ucciae 0BaHHbIX
B pabote [9]. Pe3ynbTaThl KOHTPOJIBHOIO pacyeTa MpeacTaBieHbl B Ta0. 4.

Taxum oOpa3zom, OblTa pa3paboTaHa OJHA U3 BO3MOXHBIX IMPOrPaMM Ha OCHOBE MaTeMaTH4e-
ckoif mogenu CkopoxoznoBa B.H. pacuera mapameTpoB HECUMMETPUUHON MPOKATKH MOJIOC B Cpesie
Microsoft Excel Ha ocroBe Visual Basic for Applications [10]. [ToaydueHHYI0 MaTeMaTHYECKYIO
JnercTBEHHOCTh Moaenu 93,44% npu nonmycTuMoil norpemtHocTr 5% MOXKHO CUMTATh XOPOILIUM pe-
3yJIbTaTOM.

KanubpoBounoe 6tropo (www.passdesign.ru). 2018. Beimyck 13 16



1,6
1,4

1,2

0,8

0,6

Prp 2K, rpag

0,4
0,2

0

”

’f

0 02 04 06 08 1

Bnp pacd, rpaj,

1,2 1.4

HI/ICTOHpOKaTHOC IMPOU3BOACTBO

Puc.1. InarpaMma COOTBETCTBHS MPEAEIBHOIO YIJIa HAKJIOHA MTOMIEPEYHOI0 CEUEHUS MOJIOCHI
Ha BBIXOJIE U3 ouara Jedopmanuu

XapaktepucTuku kadectBa mojaenu (1)

Tab6muma 1

HPGIIGJIBHBII\/'I YT'OJI HaKJIOHA MOIMNCPCYHOT0 CCUCHU A ITOJIOCHI Ha BBIXOAC U3 OUara I[e(bOpMaLII/II/I

0,% Oepr Y0 A, tpan A, > TPaz R2 Es, %
-2,19...2,59 0,00 -0,03...0,04 0,00 0,99 98,75
14
-
13 &
12 "
11
10
)
S ‘5}
g8 »t
% "
ST
6 o
SEEE
4 I’ -
3 &
2
2 3 4 5 6 7 8 9 1011 12 13 14
P pacy, MH
Puc.2. Jluarpamma cOOTBETCTBUS yCUIIUS IPOKATKU
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TaOnuua 2

XapaKTepUCTUKHU Ka4yeCTBA MOJCIMPOBAHHUS C IPUMEHEHUEM KOMIIBIOTEPHOHN IPOrPaMMBI

Ycunme IIPOKATKH

51% 5cp’% A, MH Acp’NIH R2 E5’ %
-2,53...10,32 0,84 -0,11...1,24 0,08 0,98 93,44
Tabmuma 3

Pexumbl mpokatku nosoc pazmepom 0,5x1100 mm u3 nmoakara TomuHoH 2,0 MM
Ha 4-kuereBoM crane 1700

Howmep xietn H , MM Ah, MM o1, Mlla o1, MIla P, MH
1 1,45 0,55 670 175,5 9,80
2 0,94 0,51 830 232,1 12,65
3 0,62 0,32 855 190,6 13,05
4 0,50 0,12 870 47,5 12,75
Tabmaua 4

XapaKTEepUCTUKHU KaYyeCTBA MOJCIMPOBAHHUS C IPUMEHEHHEM KOMIIBIOTEPHOHN IPOrPaMMBI

Ycunne npokaTku

51% 5cp %0 A, MH Acp » MH R2 E5’ %
0,53...2,38 1,71 0,07...0,31 0,20 0,99 100,00
3akjaro4yeHue

bruta pazpabortana nporpamma, KOTopas sIBIS€TCS OAHON U3 BO3MOXHBIX, HA OCHOBE MaTeMa-
tryeckor mogaenu CkopoxomoBa B.H. pacuera mapameTpoB HECUMMETPHUYHOW MPOKATKH IOJIOC.
[TpenenbHBIN yroy HaKJIOHA /3,,,, TOTIEPEHOTO CEUCHHS MONIOCH! HA BHIXOJIC M3 OYara nedopManuu

TeTeph SBISETCS BapbUPYEMBIM MapaMeTpoM. [l ONTUMHU3AIMH POrPaMMBI OBIIIO MOIYYEHO BBI-
paxenue (1), c TOMOIIbIO MHOYKECTBEHHOT'O HEJTMHEMHOIO PErpecCUOHHOr0 aHanu3a [6] (Ha ocHOBe

PEKHMOB TIPOKATKH [5, Ta6m.2] 6muskux k cummerpuuneiv (& =1,02)), koropoe nosponser pac-
CUUTHIBATE [, C MaTeMaTHUYECKON IeUCTBEHHOCTHIO 98,75% mpu n1omycTUMON MOrpemHocTH 5%.

[TomydeHHass HTOroBasi NPOrpaMMa PacCYUTHIBACT YCHIIUE TPOKATKU C MAaTEeMaTHYeCKON JICHCTBEH-
HOCTBIO 93,44% ¢ nomycTUMOI MOrpemHocTei0 5%, U MakCUMalbHas MOTPENIHOCTh PAacueTOB HE
npeBblaeT aomyctumbie 15% [1], 4To sABIsETCSs XOPOLIMM pe3yJIbTaTOM U MO3TOMY IMPOrpammy
MOYKHO MCIIOJIb30BaTh JUIS Pa3padOTKU PEKUMOB IMPOKATKH.
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ONE OF THE POSSIBLE OPTIONS TO REPRODUCTION OF
THE MATHEMATICAL MODEL OF CALCULATION OF THE PARAMETERS OF
THE ASYMMETRIC ROLLING

Abstract. The article reviewed and implemented one of the possible program to reproduction
of the mathematical model of calculation of the parameters of the asymmetric rolling.

Keywords: asymmetric rolling, form of hearth of deformation, kinematic parameters, contact
stress, power parameters.
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HpOI/BBOI[CTBO CIICMAJIBHBIX BUIOB IIpoKaTa

B.IO.Pyouos

AO «EBPA3 HuxHeTaruibCKuii METaJuTyprudecKuii KoOMOMHAT

O.1. llleByeHKO

«Ypanbckuit penaepanbHbIil yHUBEpCUTET iMeHH niepBoro [Ipe3uaenta Poccun b.H.Enbiinnay

HwxHeTarunbckuif TEXHOJIOTMYECKUH HHCTUTYT ((uiinai)

'OCBOEHHE ITPOU3BOCTBA MEJ/IIOIIUX IIAPOB
IIATOU I'PYIIIIBI TBEPJOCTHU B YCJIOBUSAX AO «<EBPA3-HTMK»

Annomayus: Ilpeocmasnenvl pe3yiomamsl ONbIMHOLU NPOKAMKU U MePMO0OPAOOMKU Meto-
wux wapos G120 mm ¢ nonyuenuem namoul epynnvl meepoOOCmu, CO2NACHO 3AA6IEHHbIM IKCNIYa-
MAYUOHHBIM MPeOOBAHUAM 8HO8b NOCMPOEHHO20 UAPONPOKAmMHO20 cmana. Pe3yniomamsl noxaswi-
8AIOM 803MOHCHOCb U320MOGNEHUs Wapos namou epynnvl 8 ycaosusax AO « EBPA3-HTMK».

Kntouesvie cnosa: menowuti wap, epynna meepoocmu, 00beMHdasi NPOKAIUBAEMOCMb, 3aKal-
Kd, OMnycK.

B nocneanue roapl Ha peIHKE METIOUIUX IIAPOB MOSBUIOCH 3HAYUTENIbHOE KOJIMYECTBO KOM-
NaHW{, MpeUIaraoluX Mapbl IATOH TPYNIbl TBEPAOCTH, HO B OOJBIIMHCTBE CIy4YaeB 3TO LIAPHI
nuamerpoM g0 50 mm. IlpousBoawTenu miapoB MATONW TPYyNNbl TBEPIOCTH, AUAMETPOM Oojee
100 MM, Ha MMPOBOM PBIHKE IIOJHOCTHIO OTCYTCTBYIOT. [laHHAsI TpyMIa TBEPAOCTH XapaKTEpPU3yeT-
cs1 00beMHOM TpOKaTMBaeMoCThio (Tabd. 1) [1].

Tab6muma 1
TBepaoCTh MapoB Mocjae TepMooOPadbOTKH

. ['pynma TBepaocTH

Sa’CEOBHLIaI/I . 1 ‘ 5 ‘ 3 | 4 | 5

AHaM :E;m pa, Teepnocts HRC He MeHee
Ha noepxnoctu | Ha rimy6une 0,5 paguyca mapa |Ha noBepxHocti| O6beMHast

or 151045 | 45 |49] 55 | 55 45 61 57

or50m070 | 43 |48 | 53 | 53 43 60 53

or 80 1o 100 | 39 |42| 52 | 52 40 58 48
or 110 10 120 | 35 [38] 50 | 50 35 56 43

B cBoto ouepens mapsl 6onbimx auametpos (90, 100, 120 mMm) sBisitoTcsi HauOoJIEE MOITy-
JSIPHBIMU Y TIOTpEOMTEIEeH U COCTABISAIOT B MAaCCOBOM 3KBMBaJIeHTE OOJIBIIYIO YacTh 3aka3oB. Ha-
npumep, 3a 2017 ron AO «EBPA3-HTMK» peanmusoano 90 teic.T. mapos @120 mm, 12 ThIC.T.
mapoB Y100 mm, 18 ThIC.T. mIapoB K90 MM, 24 ThIC.T. apoB Y80 MM u 18 TeIC.T. mapoB Y60 MM.
Taxum obpazom, map D120 mm cocraBusieT 55% B 00BbeMe BCeX 3aKa30B, IOITOMY YIyUIICHHE €T
KayecTBa SIBJSIETCS OCHOBHOW KOMMEpPYECKOH 3ajjaueil maponpoKaTHOTO MPOM3BOJCTBA B HACTOS-
1iee BpeMs.

Jns peanuzanuu nanHou nporpammbl B 2017-2018 romax ObUT MOCTPOEH HOBBIM IIAPOIIPO-
KAaTHBIMA CTaH Ha IUIONIAJIKE PEIbCOOATIOUHOTO 1IeXa, peKoMeH1oBaHa mapka cranu 75XI'®H na oc-
HoBe Mapku 70XI'®DA [2], ucnonb3yemas Juisl IIAPOB MATOM TPYIIBI TBEPAOCTU, TAKXKE CO3/aH
KOMIUIEKC TEpMOOOPaOOTKU LIapOB, BKIIIOYAIOLINI 30HY BBIPAaBHUBAHUS TEMIIEPATYDP, 3aKaJI0YHOE
YCTPOUCTBO, MeYb OTIYCKAa M YCTPOMCTBO OXJIaXJeHUs roToBoro usaenus. Ilo 3asBieHHbIM 1aH-
HBIM PEXHUMBI pa0OTHI KOMIUIEKCA YCTPOWCTB MO3BOJIAT MOIYUYUTh IIAPhl MATON TPYMIIbI TBEPAOCTH,
OTBEYAIOIME HEOOXOAUMBIM TPEOOBaHUSM, NPH 3TOM OTIYCK B IEUU C TeMIEpaTypoi pabodero
npoctpancTBa 710 250°C obecreuuT BhIpaBHUBAHUE TEMIIEPATYPHI TIOCTIE 3aKAJIKH M TIOBBICUT YJIap-
HYIO BSI3KOCTb, YTO YBEJIMYHUT IPOYHOCTh TOTOBOM MPOLYKIMU U UCKIIIOUUT Opak 10 XpyHKOMY pa3-
pyuenuto mapos. [locne mpo6Hoit mpokaTku mapa ¥120 mm, B despaine 2018 roga, Obtu mpose-
JICHbI UCCIIEJIOBAHUS 110 BO3MOKHOCTH IOJIyYEHUs MATON TpyIIbl TBEpAOCTH. MccnenoBanus npo-
BEJICHBl Ha JIByX Mapkax craiu. YacTe u3aenuil 3akajieHa BHE KOMIUIEKca (BpPy4HYIO), C IOCIE-
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TYFOIIAM TIPOXOKICHUEM IIeYH OTITYCKa, IPyTasi 9acTh MPOIIia MOJHOCTEI0 KOMIUIEKC TepMooOpa-
0O0TKM Ha BHOBb BBOJMMOM 000pYI0BaHHH (Ta0I. 2).

Tabmuma 2
[TapameTpsl TepMOOOPAOOTKH OMBITHBIX 00PA3IIOB
TMapameTp Howmep onbiTHOrO peknma

Nel Ne2 Ne3 Ned
Mapka cranu [1-3P 75XT'®H 1-3P 75XT'®H
YcnoBus 3aKanku BHE KOMIUIEKca | B OapabaHe |BHE KOMIUIeKca|B OapabaHe
Temmneparypa mapa nepea 3akaikoii, °C 840 830 910 920
Temneparypa Bojsl, °C 30 30 14 16
Bpewmst 3akaiiku, MHH. 3 3 10 10
Temmneparypa otmycka, °C 170 170 160 170
Bpewms oTmycka, gac. 3 3 3 3

s uccienoBanus mapoB, NEPHIEHAUKYISIPHO TEXHOJOTHMYECKOMY IOSICKY BBIPE3AJICS TEM-
wieT. M3mepenust TBepaocTu npoBoAwinchk Ha TBepaomepe TP 150P. TBepaocTs Ha MOBEPXHOCTH
mapa Tpop ONpPENENsIHM Ha JBYyX AMaMETPaTbHO-TIPOTHBONONOKHBIX 3aYMIICHHBIX IUIONIAIKAX.

TBepIOCTh O CEUEHUIO I1apa ONPEAesaan Ha IByX B3aUMHO-TNIEPIEHAUKYIISPHBIX IPSIMbIX Ha pac-

CTOSIHUU YETBEPTHU paauyca T1/4R , TIOJIOBUHBI pajauyca T1/2R , TPY 4ETBEPTHU paauyca T3/4R U B

OEHTPEC mapa T . MunnManrHOE M MaKCUMaJIbHOE 3HAUYCHHUE HE YUNTBHIBAIH, TBE JOCThb OIIpEACIIA-
I >

JM KakK cpefHee apudMeTHdeckoe NBYX OCTABIIMXCS 3HaUYCHWH m3MepeHuil. OObeMHas TBEPIOCTb
oTpenesiach mo Gopmyie:

OT = 0,289 Tryop +0,436 Ty4p +0,203 Tyn +0,0063 Ty4q +0,0009 Tyy. (1)

MakpocTpyKTypa BBISBISIACH METOIOM TIYOOKOTO TOPSIYETrO TPABJICHUS B MSTHUICCATUIIPO-
LIEHTHOM BOJIHOM PacTBOpPE COJISTHON KHUCIOTHI. Pe3ynbTaThl MIOPOMETPUYECKOro aHaiau3a JUls Iia-
poB B¥120 MM ¢ TepMUIECKOH 00pabOTKON TIO PA3TUYHBIM PEKUMAaM MIPUBEICHBI B Ta0II. 3.

Tabmuma 3
Pesynbratel n3amMepenus TBepaocTr B cpaBHeHnH ¢ TpeboBanusmu ['OCT 7524-2015
Teepmocts, HRC
Howmep onbITHOTO peknma
P P Thos | Tyar | Twor | Taur Ty oT
1 54,5 39,25 38 38,75 41 40,85
2 55 51,75 52,25 51,75 53 54,61
3 58 53,25 40 42,25 42,25 51,14
4 55,75 54,25 54,75 55,5 55,0 54,85
Tpebosanms 'OCT 7524-2015 56 43

[Tocne Tepmuyeckoit 06paboTku no pexxumam Ne2 u Ne4 Ha MOBEPXHOCTH IIAPOB M HA Mak-
pouutngax BBISBICHBI TPEIIMHBI, PACTIPOCTPAHSIONINECS BIIIyOb MeTauia Ha TayOouHy 10 45-50 Mmm
(puc. l.e, 1.6, 1 1.B), TpeIIMHBI U3BUIIMCTHIE C IIMPOKO PACKPBITBIMU KpasiMU, HanOoJiee BBIPAYKEHBI
Ha pexume Ned (puc 1.1).

CornacHo pe3ynbraTaM Ta0I. 3, KpUTEPHIO OOBEMHOM TBEPAOCTH YIOBIETBOPSIIOT BCE PEXKH-
MBI, 3a HCKItoueHueM Nel, yTo CBHMJIETENBCTBYET O XOPOLIEH MPOKAIMBAEMOCTH CTalld Mapok
75XT'®H u 1I-3P, noctaTouHOM ISl OJYYEHHS] METIOIIMUX IApOB MATON TPYIIbI TBEPIOCTH MPHU
D120 mm. Kputepuro moBEpXHOCTHOM TBEPAOCTH IOJHOCTHIO YJIOBJIETBOPSIET TOJIBKO pexuM Ne3
(ctanp I-3P). Kpome Toro, memtomue mapsbl u3 ctamm 75XI'@H umeroT MHOKECTBO TPEIIUH, YTO
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00yCIlIaBIMBAET MOBBIIIEHHbIE TPeOOBaHUS K TOYHOCTH COOJIOJEHHSI TEMIIEpaTypHO-BPEMEHHBIX
[apaMeTPOB U YCIOKHSIET PeXKUM TEPMUUECKOI 00pabOTKH B LIEJIOM.

Puc. 1. MakpocTpyKTypa MEJTIOIIHX IIIapOB, C PA3IMIHON TEPMHUECKON 00paOOTKOM:
a, 0, T, € — MaKpOCTPYKTypa LIapoB ¢ TepM0ooOpaboTKoii no pexxumam Nel-4 cOOTBETCTBEHHO;
0, 1 — BUJI TIOBEPXHOCTH IIAPOB € TepMOOOpaboTKOH o pexmmam No2 1 Ned

Ha nacrosimiem stamne onTuMaabHBIM BapHaHTOM SIBJIsieTCsl ucnosib3oBanue ctanu LI-3P, ko-
Topasi SBISETCS MeHee TPeOOBATENBHOMN K KECTKOMY COOJIOICHUIO MTapaMeTPOB TEPMOOOPaOOTKH, a
TaKk)Ke MUMEET JOCTATOYHYIO MPOKAIMBAEMOCTh M 00Jiee HU3KYI0 CTOMMOCTh. TakuM oOpaszom, Ha-
CTOSIIIIE HWCCIEAOBAHUS IMOATBEPKAAIOT BO3MOYKHOCTh M3TOTOBJIEHHUS MENIONIMX IIAPOB MATOU
TpyNIbl TBEpAOCTH auameTpoM 10 120 MM Ha BHOBH BBoAMMOM obOopynoBanuu AO «EBPA3-
HTMK».

bubanorpaguyecknii Ciucoxk

1. I'OCT 7524-2015 lapel Memroiiue cTaabHbIE AJIs1 IIAPOBBIX MEJIbHUII.

2.  T'OCT 1071-81 IIpoBomnoka cranbHas Py >KMHHASI.
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EVRAZ Nizhny Tagil Metallurgical Plant

O.1.Shevchenko

Federal University named after first President of Russia B.N.Yeltsin
Nizhny Tagil technological Institute (branch)

GRINDING STEEL BALLS 5 GROUP PRODUCTION IN THE CONDITIONS
OF JSC «EVRAZ-NTMK>»

Abstract. The results of experimental rolling and heat treatment of grinding steel balls @120
mm are presented with the production of the 5 group of hardness, in accordance with the declared
operational requirements of the newly constructed ball rolling mill. The results show the possibility
of making balls of Group 5 in the conditions of JSC EVRAZ-NTMK.

Keywords: grinding steel ball, hardness group, bulk hardenability, hardening, tempering.
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FORCE DISTRIBUTION AT FLANGE FORMING OF ROLL-FORMED
SECTIONS WITH MULTIPLE RIGIDITY ELEMENTS

Abstract: A new approach to calculate the linear force and expanding force between the rolls
is proposed. The approach cumulate theoretical, finite-element and experimental methods. Some
comparisons of the obtained results with those of previous authors are made. The proposed ap-
proach is obviously easier and exact.

Key words: forming roll, roll-formed section, rigidity element, linear force, load point.

These latest years the intensified roll-forming processes are of growing importance for con-
structional engineering and machine building [1-4]. Reduction of number of passes and diminution
of forming roll diameters, use of closed-end openings and severe roll-forming modes — these are
only few factors specific for the intensive deformation method (IDM) [5] which increase the level
of the process force parameters, especially, if the folded flanges bear some rigidity elements. One of
the most important factors is the market trend of commissioning new 3 mm coil stock with zinc
coating [6]. If during roll-forming the contact stresses between the band coating and the forming
tool are huge, the coat material is seized by the tool, reducing thus its service life due to premature
wear. The task of force parameters calculation, as well as force distribution determination, are
among the most important problems in roll-forming relating to further calculation of forming tool
parameters, tool wear assessment and specialized roll-forming machine parameters computation.

It is most rational to consider this subject as a case study of roll-forming of a U-section with
peripheral rigidity elements turned inwards. The last stipulation is of primary importance since the
external rigidity elements are usually formed with their bending over round areas of the forming
tool. This requires the consideration of the full stress diagram and renders the task rather complicat-
ed. The case study of U-section makes it possible to study the folding of a flat flange which is
equivalent to any flange with rigidity elements turned inwards (fig. 1). The above equivalence is
established through the use of local rigidity method exposed in paper [7].

Fig. 1. Reduction of a flange with rigidity elements
to a smooth flange with equivalent thickness

The force distribution on the blank surface during roll-forming, broadly speaking, is far to be
a trivial task, even for an angle or a U-section [5, 8]. The point is that previous hypotheses of uni-
form or linear distribution of bending forces, which were earlier used to design the analytical mod-
els, are not in full agreement with experimental data neither in intensive deformation method, nor in
traditional roll-forming.

KanubpoBounoe 6tropo (www.passdesign.ru). 2018. Beimyck 13 23



[Tpon3BoaCTBO THYTHIX ITpoduieit

More precise data relating to force distribution may be obtained via the use of the finite ele-
ment methods [9, 10] realized, for instance, in LS-Dyna program (being an Ansys program
module) [11]. Thus, we simulated the U-section roll-forming with folding angles specific for re-
spective combination of the shape cross-section parameters being as follow: flange width being
from 10 to 60 mm with a step of 10 mm; blank thickness being from 1 to 4 mm with a step of 1
mm. The simulation parameters are as follows: finite element type was Shell 163 with single point
reduced integration diagram spreading over the surface with Hourglass 4 checking; material model
for the section was a bi-linear isotropic model (*MAT_PLASTIC_KINEMATIC), for rolls - tool
steel — U8. The rolls were considered as perfectly rigid bodies with finite-element meshing on their
surface only. The contact between the rolls and the blank (forming surface-to-surface contact) was
taken in the form FSTS, while the one for the blank was ASTS (automatic surface-to-surface
contact).

The simulation has shown that the distribution of normal forces across the folded flange has a
form reminding a hyperbole or an exponential curve with its maximum value located near the bend-
ing zone. At the same time, up to 90 % of the shear area falls to a 1/3 of the flange width if counted
from the bending zone. At this level, the force values for different blank thicknesses were 0.2 to 0.5
of the maximum force which were observed near the bending zone. Fig. 2 obtained in simulation
process illustrates the character of the linear force distribution on the outer surface of the blank
turned toward the lower roll.

—

1

\
. '\_ Linear

\ force
| diagram
S
<
2 < '
., < )
Yo X

Fig. 2. Linear force distribution along the folded flange at a total bending angle of ¢

The finite element method is to be considered as a tool ad hoc, intended to solve a very specif-
ic problem. It differs from analytical methods by its limitations referring to the generalization of the
results being applied to a large class of contact problems, including those existing in the roll-
forming.

To make the transfer to analytical representation of linear force distribution along the flange
width, it is convenient to tie-up the value of acting forces to the working surface of the forming rolls
or to the points of the blank surface in the axial plane of forming rolls (fig. 3). It may be done
through natural setting of the blank medium surface with the help of two parameters: I' — current
coordinate along the medium line of the folded flange, counted from the bending zone; & — result-
ant flange folding angle equal to the total bending angle of the current pass k (o = ¢ ). In this case

the folding angle in the current pass will be denoted as follows 6, = o, — ;-

Taking into account the results of the mathematical simulation, it is supposed to describe the
roll-forming process with the help of a hypothetical exponential force distribution function reflect-
ing the active forces in the current pass:

KanubpoBounoe 6tropo (www.passdesign.ru). 2018. Beimyck 13 24



[Tpon3BoaCTBO THYTHIX ITpoduieit

F—X
P(r)=F exp(— —J )

n

where: Py — is the maximum value of the acting force; I' — is the current coordinate counted along

the generatrix of the forming roll tapering part; n is a dimension parameter determining the expo-
nent form; x is the dimension of the «dead zone» (lack of contact in the angle zone), i.e. distance to
the junction point of the generating lines of cylindrical and conical parts of the lower forming roll
extending to the contact point between the blank and the tool.

Fig. 3. Local coordinate system and cross-sectional parameters of the shape

In formula (1) the pass indexing is conventionally omitted, although in reality the acting forc-
es are related to the passes which may be easily identified according to total folding angles ¢, , be-

ing part of the respective dependencies. The «dead zone» dimension is easily obtained through ge-
ometric consideration of the blank location in the angle zone of roll opening.

x=q§+Dm[%q, 2)

where: S — is the blank thickness; & — is the relative bending radius of the blank equal to 1, /s ;
I, — is the inner bending radius of the blank.

The «dead zone» dimension in equation (2) increases with the growth of the total bending an-
gle. The angle zone of the roll opening represents so called «dead zone», i.e. the zone where the
blank is not limited by the tool. The bent part of the blank may move from the rounded area of the
upper roll in radial direction under the action of the folded flange edge compression, if the intensive
deformation method is used.

At the level of 1/3 of the flange width, the acting force value in equation (1) may be deter-
mined by the relation:

P(b/3) = kP,, @3)

where: D — is the folded flange width; K — iis the attenuation ratio of the maximum force.
The equation (3) allows to easily find the parameter n, depending on the «dead zone» given
by the equation (2).

3Xx-Db

n=
Ink - )
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The maximum value of the acting force may be obtained through comparing the moments of
inner and outer forces:

b
[rdp(r)=-TLn )
X

where: T —is a linear moment of inner forces bringing the angle zone adjacent to the folded flange
into plastic state on the flange deformation length L; 7, — is an extension ratio of the angle

plastic zone.
The ratio 7; in equation (5) is used to take into account the relationship between the defor-

mation length and the extension of the plastic angle zone along the roll-forming axis.
The integration by parts in the left part of equation (5) and easy algebraic transformations
yield the following relation to determine the value of the acting force:

-1
Py =—(T L)[(b + n)exp(— %} —(x+ n)} | ©)

The moment of inner forces and the deformation length appearing in relation (6) are given as
analytical dependencies in the paper [8]. Particularly, when the strain hardening is absent, the mo-
ment of the inner forces, as it is known, is given by the following formula:

(o
T="T¢°

where o — is the yield stress of the blank material.

The relations (1), (4) and (6) give the complete linear force distribution across the folded
flange. Fig. 4 and 5 illustrate the linear force distribution according to formula (1).

200 | | 800 | |
b= 100 \ b =100 mm;
= mm; = .
T 150 ™\ a-18%0-10% T 600 ; Sy o
\ 4 os = 260 MPa Ve o5 = 260 MPa
s LN E 400 N\
£ 100 ; £ 400 \—
2 I L e | 2N\ 2
Al 50 oS AT 200N '
- —— AN
0 I — ] 0 RR&
0 20 40 60 80 100 0 20 40 60 80 100
I, MM —— I, mm ——
Fig. 4. Distribution of linear force along Fig. 5. Distribution of linear force along
the flange width: the flange width:

1,2,3,4- S =1,2,3 u4 mm respectively 1,2,3,4- a =10, 20, 40 u 90° respectively

It may be seen in fig. 4 that the linear force increases as the blank thickness grows. The max-
imum linear force also augment if the folding angle tends to rise (see fig. 5). Practically, it means
that a big amount of load is localized on the area adjacent to the angle zone. The loading point (cen-
troid) on the flange surface r; may be calculated as follows:
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b
_[r P(r)dr

'R = ™)

b .
jP(r)dr

Fig. 6 shows the calculation results obtained with the aid of MathCAD2001Pro pack accord-
ing to relation (7). The centroid curves move toward the angle zone as the folding angle grows. It is
also seen that the loading point is located near the angle zone. These results are very different from
those of paper [12] alleging that the loading point should be at a distance of (2b)/3, if it is measured
from the angle zone.

35 T T
S s =4 MM
30 ~o :
P~
\"'l-‘-(/:
2 20~ 5
& \-—._______-—.4_.
15 1
---_"‘-l-—__ VT
10

0 20 40 60 80 100
o, rpag. —»

Fig. 6. Load point position of the force acting on the flange:
1,2,3,4-b=40, 60, 80 u 100 mm respectively

The erroneous character of this conclusion may be seen if we take into account the following
reasoning. At the flange folding the resistance moment of the plastic joint does not depend on the

loading point, thus a resulting force F should be proportional to the value (1/r ). Further calcula-
tions show that 1z ~ b/In(b/x). The evaluation of the above expression for the flanges 20 to 100

mm large gives the values being 1/4 to 1/3 of the flange width when measured from the angle zone.

It is interesting to compare these results with experimental and calculated data obtained by
other authors. A direct measurement of the linear force on the tapering part of the forming roll with
the help of pin sensors is sophisticated and expensive, at any rate, we are not aware of some other
direct methods applied to measure the linear force. Nevertheless an indirect verification of the mod-
el is still possible if we use the integral indicator which is the blank expanding force acting on the
lower and upper rolls during the roll-forming. This parameter is often taken as main value for
strength calculation of the tooling and roll-forming machines. It may be used to calculate the re-
quired power of a roll-forming machine as well.

The paper by Trishevsky I.S. and co-authors [12] considers the 4 mm U-section roll-forming
to obtain the rated relationships to calculate the blank expanding force of the rolls and experimental
data for three U-sections having flange widths 60, 80 u 100 mm with their bottom width equal to 80
mm. The rated dependencies are given in the form of semi-empirical model for blank expanding
using the same symbols as above:
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p:GT52|nC_X(£Cosa N
L 2x | 2x
- (8)
2 4.2 B
+352-10"*E +* 5% b%coww% ,
b* (O

where E —is Young modulus.

In paper [13] by Bogoiavlenski K.N. and co-authors a purely empirical model of blank elas-
tic-plastic swaging was derived from experimental data processed statistically. The latter included
several hundreds of angle and web sections having wall thickness 1 to 6 mm.

0,059¢%4°g0%0
= 554;0,43 !

where: B — is the blank width (B ~C + 2b); O —is a relative gap in the roll opening.

The expanding force in formula (9) is expressed in «ton-force» which is easily convertible in-
to Newtons. In this model we find no sign of mechanical property descriptors, although in the paper
itself it was indicated that various sections with different mechanical properties had been used.
Moreover, this model takes no account of the folding angle, i.e. forming mode.

In our model the expanding force is calculated as follows:

P 9)

b
r—X
P, = 2(1+cosay )j P, exp(— —jdr. (10)
" n
The MathCAD2001Pro pack being applied to relationships (8) — (10) allowed us to illustrate

them through fig. 7. In the same figure one can see experimental values of the expanding force for
web sections 80xbx4 mm made of low-carbon steel.

1291;) ‘\\\\\‘b=6olli1‘rp o b = 80 mm --‘---A b;=100 mn;1 o ‘
15;0 AN \\\‘{"‘"“ Py eecemme
. 0O - P . _
T 16.5 '>>'\\-V\\ T~ ?;7 —
15.0 D ‘\W\\‘\\‘
S s | o AN ~_
> ) 2 ;‘"" ." \\
£ 120 1 \\ :
105 : N o
9’0 3/ /\\\ ﬁ S
| 2% |1 ~
7.5 = \\\ /
0

60 0710 20 30 40 50 60 7
o, deg. —»

Fig. 7. Comparative curves of the expanding force when forming the web section 80xbx4 mm ac-

cording to the models: by Trishevsky ( I:)T ), Bogoiavlensky ( PB) and proposed model (P(p ):

1,2,3- b= 60, 80 and 100 mm respectively. Tree markers are referring to experimental data of
paper [12] for the same shape in the second stand ((9 =10°;, o =18°)
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The Trishevsky model has some deviations from experimental data within 7-30%, while
model (10) remains within the limits of 2-11%. The expanding force in models (8) and (10) depends
on the folding angle similarly: the bigger is the folding angle, the less is the expanding force. In
Bogoiavlensky model the elastic swaging was taken as big as 12% (compensation of elastic strain in
the roll-forming stand). In calculations according to model (9), we have taken the gap between the
forming rolls equal to the blank thickness (i.e. no swaging). If we use the intensive deformation
method, the contact between the lower and upper rolls is effected on their mounting surfaces at the
level of the roll collars and circular grooves.

The deviations of model (9) from experimental data lie within the limit of 12%, nevertheless
the growth of the expanding force with the total folding angle rise has no agreement with the gen-
eral diagram of force distribution (see fig. 7): as the total folding angle rises the vertical component
of the expanding force diminishes, whereas the curves of model (9) tend to become greater.

The curves of fig. 8 obtained according to model (10) and showing the dependence between
the expanding force and the blank thickness illustrate the influence of the forming mode on the
force parameters of the roll-forming process.

20
4
s /v
Z 10 /3>( %
. 2
a7 0.5 1 %%/
Y0 15 20 25 30

S, MMm—p

Fig. 8. Dependence of expanding force of the flange folding mode:
1,2,3,4- 0= 5, 10, 15 and 20° respectively

The paper [14] presents a model to calculate the expanding force between the rolls on the ba-
sis of infinitesimal increments for the first forming stand (when the folding angle is equal to 15 de-
grees). The revealed experimental expanding forces are referring to a web section 60x60x3 mm.
The calculated value was 7.5 kN, while the experimental one was 10.17 kN. Our model gives the
value of 11.21 kN. The calculation errors were 26% and 10% respectively. It should be bear in mind
that the realization of the first model requires much labor to carry out the blank segmentation and
further partial force summation. This example clearly confirms sufficient correctness of relations
(1), (6) and (10). Finally, we refer the reader to some extended studies in this field [15-17].

Thus, the proposed model embracing the force distribution across the flange is in good
agreement with experimental data and may be used to calculate contact stresses, forming roll wear,
forming roll and roll-forming machine strength on the stage of their design.
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