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kommbroTepHoro mMonenuposanus QForm-3D u DEFORM-3D, onucaHbl 3Tanbl 1 MCXOHBIC JaHHBIC CO3AaHMS MOJEIH BUPTYaJIbHOTO IAPOIPO-
KaTHOTO cTaHa. [IpoBesieH aHaIN3 HANPSHKEHHOTO COCTOSHUS METallla B XapaKTePHbIX TOYKaX BJOJb OCH IPOKATKH: HHTEHCUBHOCTh HAIPSHKEHUH,
KOMITOHEHTBI TEH30pa HaNpPsDKEHHH, CpeiHee HOpMallbHOE HanpspkeHue. [IpencTaBiensl pe3yabTaTbl 3aMepOB MacChl 1IAPOB, MPOKATAHHBIX HA HO-
BBIX M M3HOILICHHBIX BajkaX. [IpoBe/ieHBI MpOBEpKa KauecTBa BHYTPEHHUX CIOEB METAJUIa M 3aMepbl TBEPJOCTU MPOKATAHHBIX IIAPOB IO BEPTHU-
KaJIbHOH M TOPU30HTAIBHON OCsIM cuMMeTpuH 1apa. MecnenoBanue GpopMon3MeHeHus MeTaia Mpy MOJEIMPOBAHUH POKATKH [IAPOB MOKA3aJIo,
YTO HArpeTasl 3aroTOBKa B BUJIC IPYTKA rOpPsUEKATaHOM CTAJIM XOPOIIO 3aXBAaTHIBACTCS BAJIKAMH, IIPOLECC IPOKATKH IPOUCXOJUT CTAOMIBHO Oe3
poOyKCOBOK. MeTasut 3aroToBKH MOJHOCTBIO 3aMONHSET KaanOpsl. 3a30pa Mexk1y METAIOM U CTEHKaMH KaiuOpa He Habmoaercs. [lepembruky,
COCIMHSIONIHME 0T(hOPMOBAHHBIC IAPBI, MOJHOCTBIO OTICISIOTCS HEMOCPEICTBEHHO B Bajkax cTaHa. [Ipu 3TOM mepembiuka cpesaercst pebopoii
BAJIKOB M BJIABIUBAeTCs B Teo mapa. OTaeseHHbIH map NpoJoibKaeT 00KaThIBATHCS HA OTAENOYHOM y4acTKe KaluOpa, OCTAaTKH MEPeMbIUKH 3a-
[JIQKHUBAIOTCS, ¥ U3 BAJIIKOB BBIXOJUT MOJHOCTBIO O(OPMIICHHBIH 1Iap, HMEIOLINH TIIaJKYI0 TIOBEPXHOCTh. YCTAHOBJICHO, YTO MPH MOJCIUPOBAHUH
HaNpsHKEHHO-Ae(OPMUPOBAHHOTO COCTOSHUSL BCE KOMITOHEHTBI TEH30pa HANPSIKCHUH UMEIOT OTPHUIATENIbHOE 3HAYEHUE, TO €CTh BCE KOMIOHEHTHI
TEH30pa HAaNPsDKEHUH IIPU MPOKaTKe MapoB cxkuMaromue. Craructudeckast 00padoTka JaHHBIX 110 B3BEIIMBAHUIO IIPOKATAHHBIX IIAPOB JHAMETPOM
93 u 125 MM nokasaiia, 4To OTKJIOHEHHE MacChl OT HOMMHAIBHON He TpeBbliaetr 1 %. 3amMepbl TBEPIOCTH M0 ANAMETPAILHOMY CEUSHHIO IIapoB
10Ka3aJIM OTCYTCTBHE IIPOBAJIOB TBEPJOCTH BO BHYTPEHHUX CJIOSIX IIPOKATAHHOTO METAJIIa, YTO TOBOPHUT O XOPOIIEM Ka4eCTBE CEP/ILIEBUHHO 30HBI.
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PasButre TOopHOmOOBIBaIOIICH W TepepadaTbIBaomIeh
oTpaciel MPOMBIIIJIEHHOCTH TIPUBEJIO K YBEIWYCHHIO
00BEMOB TPOU3BOICTBA MEIIOMIUX IIAPOB, YTO HOTPEOO-
BaJI0O MHTEHCH(HKAIIMHU MTPOIEcca MPOKATKH, a TaKXkKe pac-
IIUPEHNsT COpTaMEHTa MpoAyKIuHu. PacmmmpeHne copra-
MEHTa B CTOPOHY yBEJWYEHUS JHMaMeTpa Iiapa, BHICOKHE
TpeOOBaHUs K KaYeCTBEHHBIM XapaKTEPUCTHKaM ILAapOB, B
HACTOSIIIIMA MOMEHT MPEBBINIAIOIINE TPEOOBAHHUS CYIIECT-
BYIOIIETO TOCYIapCTBEHHOTO CTaHAApTa, IPUBEIH K HEO0-
XOJMMOCTH HCCIICAOBAHUS TPOIECCOB (POPMOM3MECHEHHS
MeTaia B Kannopax, KauecTBa IPOKaTaHHbIX 1IapoB U pa3-
paboTKe HOBBIX YHEPTOAIKOHOMHUYHBIX MTPOIECCOB MPOKATKU
IIapoB KPYIMHOTO AUAMETPA.

OIHAM 13 OCHOBHBIX (DAKTOPOB ITPOIECcca MPOKATKH I11a-
POB B BHHTOBBIX KaJHOpaX SIBISICTCS OMPEICICHUE PEKU-
MOB Jie(hopMaIyu, P KOTOPBIX OTCYTCTBYET Pa3phIXJICHHUE
MeTajljla U BCKPBITHE MOJIOCTU B OCEBOM 30He u3aemnus [1].
YCTaHOBIIEHO, YTO CKIIOHHOCTh MeTaJljla K pa3pbIXJICHHIO B
OCEBOI 30HE YBEIMYMBACTCS IPU YMEHBIICHUN BETUYHHBI
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00kaTusl B MepeMbluKe 3a MOJIOBHHY 000pOTa 3aroTOBKH,
YBEJIMYCHUN IIMPHUHBI peOop/pl KannOpa, CHUKECHUU TeM-
nepaTypbl IPOKATKU 3aTOTOBKH [2].

Haunbonee »HEpro’KOHOMHBIM CIIOCOOOM KaTHOPOB-
KM BaJIKOB fABISIETCA KaJIMOPOBKAa C HEMPEpPBIBHO U MO-
HOTOHHO M3MCHSIOIIMMCS IIaroM MOJIPE3KH MIUPUHBI pe-
6opabl [3]. OgHaKO KOMUPHBI JJIs HAPE3KH TaKUX BaJKOB
JIOJKHBI M3TOTABIMBATHCS HA CTAaHKE C IMPOTPAMMHBIM
YIpaBJIEHUEM, YTO B YCIIOBUSAX CYLIECTBYIOIIETO IPOU3-
BOJICTBA IMOKa HEBO3MOXKHO. [lo 3TO#l mpuunHE OaHO3a-
XO/lHasg KaJuOpoBKa IIapoB ¢ (PAaKTUYECKUM IUAMETPOM
93 u 125 MM paccuMThIBaNIACh MO JUCKPETHOMY CIOCOOY
¢ mpeodagaHueM «reOMETPUYECKOTo» MoaXoaa MpH Io-
cTpoeHuH Kanubpa [4, 5].

JJis mpoBepKu KauecTBa MIApOB, MPOKATaHHbIX MO pac-
CUATAaHHOW KamMOpoBKe (HOMWHAJIBHBIA JUAMETP MIApOB
90 u 120 MM), TPOBOAMIIUCH IKCIIEPUMEHTHI C HCIIOJIB30-
BaHUEM MaTeMaTHYECKOTO U KOMITBEOTEPHOTO MOJICIIMPOBa-
Hus. VccnenoBanne HanpsKeHHO-Ie(pOPMHUPOBAHHOIO CO-
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CTOSTHUSI MeTaJlia Mpu ero oopaboTke AaBJICHUEM C TOYKH
3PEHHUST MATEMaTHUECKOTO MOJICITUPOBAHUS SIBIISIETCSI CIIOXK-
HBIM TIPOIIECCOM H3-3a OOJIBIIOTO YMCIA OMPEICIISIONX
mapamMeTpoB U HEOJHO3HAYHBIM XapaKTEPOM WX BIIHSHUSL.
KoppekTHas nocTaHOBKa 3a/1a4H aXe JUIS IPOCTHIX CITyda-
€B 00paOOTKH METAJUIOB AAaBJICHUEM IPHUBOAUT K CHCTEME
UHTErpalIbHO-TU(GPEPEHIINATBHBIX YPABHEHUN, PEIIUTh
KOTOPYIO aHAIUTHYCCKH HE TPEICTABISIETCS BO3MOKHBIM.
B nHacrosmee BpeMsi Ui penieHus: MOJOOHBIX 3a1a4 IH-
POKO TIpHMEHsIETCSl MEeTOll KOHEeYHBIX snemeHToB (MKD),
pealnu30BaHHbIl B IPOrpaMMHBIX IPOAYKTaX KOHEYHO-
SNIEMEHTHOTO aHanmu3a. lcciemoBanue HampsHKEHHO-IIE-
(OPMUPOBAHHOTO COCTOSIHUSI METAJIJIA MO3BOJISICT OLICHUTh
mpopaboTKy CTPYKTypHl METajla, HEPaBHOMEPHOCTH [ie-
(dbopmanmu o o0beMy JeTallv, U3MEIBICHUS U pacipee-
JIeHUs I0 00beMy HEMETAIUTHICCKHUX BKITIOUCHHH, a TaKKe
AQHU30TPOIUIO CBOMCTB MeTaa [6 — 17].

Jns pa3paboTKH TEXHOJOTHH MPOKATKH TOYHBIX IT0
Macce MapoB B BHHTOBBIX KaluOpax, MpU KOTOPOH OT-
CYTCTBYET Pa3pbIXJICHHE METAJUIa U BCKPHITHE MOJOCTH B
0CEBOM 30HE U3/IENUs], IPUMEHSUIACh METOANKA MaTeMaTH-
YECKOTO MOJICTTPOBAHUS C UCIOIH30BAHUEM YHCICHHOTO
meroga MKD [8, 9, 15 — 17]. [lopanox coznaHusi MOJEIH
U TIOJNyYEHUS Pe3yTbTaTOB MOJCITHPOBAHUS 3aKITI0YaCTCS
B cienyomeM. Ha mepBom sTame ocCyIiecTBIsIeTCS OMH-
CaHHUe WCXOIHBIX JAaHHBIX HaTypbl. [0TOBOE M3menue: re-
OMETPHUYECKUE Pa3MEephl, Macca, Mapka CTajH, YHUCTOTA
MMOBEPXHOCTH (MPUITYCKH U JIOMYCKH); 000PyIOBaHHUE |
paboune HHCTPYMEHTHI: MaTepHa BAJIKOB, KOH(PHUTypaIHsI
KanuOpa, TEOMETPUIECKUE Pa3Mephl, YNCTOTa MTOBEPXHO-
cTH pabouero MHCTPYMEHTa; TEXHOJOTHUs IMpolecca: THI
HaArpeBaTebHOTO YCTPOWCTBA, TEIUIOTEXHHUECKUE XapaK-
TEPUCTHKHU CTaJIH, TEMIIEpaTypa HarpeBa, COMPOTHUBIICHUE
nedopmanny, TIIACTHYECKHAE CBOWCTBA M yrap MeTaia
IpU TeMIepaTypax o0pabOTKU JaBlIEHHEM, BpEMs Harpe-
Ba, BpeMsl ITAMIIOBKH, CKOPOCTH Ae(POpMAIIH, HAIHIHE
CMa3KH.

Ha Bropom Tarme mo MCXOMHBIM JaHHBIM C HCIIONB30-
BanueMm CAD-cucrem (KOMITAC, Autocad ap.) co3natot-
Csl TpeXMEpHBIE TE€OMETPUICCKHIE MOACTH 000pYyIOBaHUS,
WHCTPYMEHTOB W 3aroToBku [8, 17]; BUpTyanbHOEe 000pYy-
JIOBaHWE M pabOUMii HHCTPYMEHT; 3arOTOBKA M TEXHOJIOTHU-
YEeCKU MPOLEecC WIN B IEIOM BUPTYaIbHBIH OOBEKT s
KOMITBIOTEPHOTO MOZICTHPOBAHHSI.

BupryansHblii 00BEKT KOMIBIOTEPHOTO MOJEIHUPOBA-
HUSI IMEET pa3Mephl, paBHBIC pa3MepaM HaTyphl, KOH(H-
rypauus, MapKka CTalld U pa3Mepbl 3arOTOBKU TaKKe COOT-
BETCTBYIOT pa3MepaM HaTypbl, TEXHOJOTHICCKHUI IpoIiece
COOTBETCTBYET HATypaJbHOMY (M3y4aeMOMY) TE€XHOJIOTH-
gecKoMy TIporieccy. | 0oToBoe BUPTyalbHOE U3IETHE HMEET
(dhopMy U pazMepbl HaTypaabHON TOTOBOM MPOAYKIINH.

Jis vccenoBaHus POKATKH MIapOB OBUT CO3MAaH BHP-
TyaJbHbII IIAPOIPOKATHBIM CTaH, C IOMOLIbI KOTOPOIO
MIPOBOIMIIOCH KOMITHIOTEPHOE MOAEIHPOBAHUE TEXHOJO-
THYECKOTO TMpoIecca MPOKaTKU MeTajla B MPOrpaMMHBIX
npoaykrax QForm-3D u DEFORM-3D. Pemennem koMm-

MBIOTEPHOTO MOJIEIUPOBAHUS SIBISICTCS MareMaTHdecKas
MOJI€JIb, TIPEACTaBIEHHAs B TPa(UIeCKOM BHIIE.

B kayectBe mapamMeTpoB ONTUMH3ALUHN HCIIOIH30BAIU
OCHOBHbIE WHBAapHaHTHbIE XapaKTEPUCTHKH TEH30pa Ha-
npspreHwuid [18]:

— MHTEHCUBHOCTH HANPSUKCHUIN

1 2 2 2
c; =$\/(61 -0,)" +(0,-05) (05, —0,)";
— KOMITOHEHTBI TeH30pa HAIPSHKSHHUN
G,,0,,0;;

— IMOKa3aTeJjib HANIPAKCHHOTO COCTOAHUA

k=—, k=—3(cs1 +0, +03);
30;

1

3
3/1eCh G, — CpeliHee HopMalbHOe Hampsukenue; T =3
O.

i
MHTEHCUBHOCTH KacaTEIbHBIX HATPSHKCHHH.

[Ipu MonenupoBaHUY UHCTPYMEHTHI IPUHUMAIOTCS a0-
COJIFOTHO JKECTKHMH W 00€CICYMBAIOIINMH TOIBKO TEILIO-
MPOBOJHOCTh M TeIUIonepenayy. Matepuan UHCTpyMEHTa
IPUHAMACTCS OTACTBHO B KaKIOM CIydae MOAEIHPOBa-
Hus. B3aumopelicTBue MeXay KECTKUM HHCTPYMEHTOM H
MAaTepHaiioM 3arOTOBKH MOJEIUPYETCS] ¢ TMOMOIIBIO KOH-
TaKTHBIX TOBepXHOCTeH. B mpouecce aedopmanuu KoH-
TaKTHBIC YCIIOBHS IIOCTOSHHO OOHOBISTIOTCS. Benmunua
k02 GUINCHTa TPEHUsT TPUHUMACTCS B KaXKIIOM OTICIIb-
HOM TEXHOJIOTHIECKOM ITpoIiecce.

B npouecce aedopmanuu Metamia MpoOUCXOAUT TEIIo-
00MEH MEXIy METalIoM, HHCTPYMEHTOM M OKpY»Karomien
cpenoi. YUUTHIBaETCS Tak)Ke HAIUYKUE TeIJIOBOTO dPdeKTa
3a cueT nmedopmanmu Meraia. HagampHas Temmeparypa
JnedopMalliid pacCUUTHIBACTCA U3 YCJIOBUM KOHKPETHOTO
TEXHOJIOTHYECKOTO MPOIIecca.

Paboune BasKku BUPTYaIbHOIO MPOKATHOTO CTaHA UME-
10T IPO(UITb B COOTBETCTBHHU € Pa3pabOTaHHON KaTHOpOB-
KOHM IS TIPOKATKH IIapa HOMUHAIBHBEIM quaMeTpoM 90 u
120 mm [4, 5, 19].

Ha puc. 1 mpencrapiena cxemMa IPOKATHBIX BAJKOB U
3arOTOBKH B HAYAJIHHOM TIOJIOXKEHHUH TIepe]T TPOKATKOM, T7e
1 1 2 — npokatHble BaJIKH, 3 — HarpeTasi 3aroToBka, 4 — ToJ-
Kareib, 5 — MPOBOIKA, 6 — IMHEWUKH.

B cooTBeTcTBUU ¢ peanbHBIM TEXHOJOTHYECKUM IPO-
[IECCOM MPOKATHBIC BAJIKU U BUPTYaJILHOTO CTaHa H3TO-
tosyieHbl 3 crtainu 35XI'CA. Temmneparypa Bankos 200 °C.
Marepuan 3aroroBku ctaib 40, Temrneparypa HarpeBa 3aro-
toBku 1000 °C, koapuuuent tpenus 0,4. Ckopocts Bpa-
HICHUS BAJIKOB cocTapiisieT 60 00/MHUH, YTO COOTBETCTBYET
CKOPOCTH peaibHOTO TEXHOJIOTMYECKOTO Tpoliecca.

[Ipn wmccnenoBaHuM HAMPSHKEHHO-AE(HOPMHUPOBAHHOTO
COCTOSIHUS TIPH MIPOKATKE Iapa MpeHedperaiu HHEPIHOH-
HBIMH U MACCOBBIMH CHJIaMH, JIe(OPMUPYEMBII METaJLI 3a-
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Puc. 1. Cxema IIPOKATKU 1IapOB B HAYaJIbHOM I10JIOKCHUU

Fig. 1. Scheme of balls rolling in the initial position

TOTOBKH CUHTAIM HECKHMMACMbIM. B ypaBHEHUSIX COCTOSI-
HHS HCIIONIB30BAIM CIIy4dall MpPOCTOro HarpykeHus. s
Marepuayia MpokKara MPHHATA YIPYromiacTudeckas Mo-
Jeb.

HUccnenoBanue popMor3MeHeHHs: MeTaula TPy MPOKar-
Ke IIapoB T0Ka3ajo, YTO HAarpeTas 3aroTOBKa B BUJIE MPYT-
Ka ropsiueKaTaHON CTaaH XOPOIIO 3aXBaThIBACTCS BAJIKAMHU,
MpoLeCcC MPOKATKA MPOUCXOAUT CTaOMIBHO Oe3 mpoOyKco-
BOK. MeTasl 3arOTOBKH IOJIHOCTBIO 3aIONHSET KaHOpBI.
3a30pa MeXIy METaIOM ¥ CTEHKaMH KaJliOpa He HaOIroa-
ercst. [lepeMbIuKy, COSMUHSIONINE OT(HOPMOBAHHBIC MIAPHI,
MIOJTHOCTBIO OTHEIITIOTCSI HEOCPEICTBCHHO B BAJIKAX CTaHA.
[pu »TOM TIepeMbIuKa cpe3aeTcs pedopIoii BaIKOB U BIAB-
nBaeTcs B Teno mapa. OTHeNeHHBIH map MpoaoibKaeT 00-
KaThIBaThCS HA OTACIIOYHOM y4YacTKe KajauOpa, OCTATKHU Iie-
PEMBIUKH 3aTTIQKUBAIOTCSI, M M3 BAJIKOB BBIXOUT ITOJTHOCTBIO
0(hOpPMITEHHBIH HIap, UMEIOIHH I IKYI0 TOBEPXHOCT.

Stress — Effective, MPa

0
Min 0
Max 343,0

Puc. 2. PacnpeaeﬂeHHe HWHTCHCUBHOCTH HaHpSI)KGHI/Iﬁ B 3arOTOBKC

Fig. 2. Distribution of stress intensity in the blank

Ha puc. 2 npuseneHa o0beMHas MOJIEIb pacipe/ee-
HUSl UHTEHCUBHOCTH HANpsDKEHWH MpU MpOKaTKe mapa.
CrnpaBa mpuBeieHa MacuTabHas mkaga. MoxXHO oTMe-
TUTb, YTO NPOLECC MPOKATKH CUMMETPUUEH OTHOCUTEb-
HO TOPU30HTAIBHON MIOCKOCTHU. J{JI1 KOINYIECTBEHHOTO
OTIpeIeIeHns] MHTEHCUBHOCTH HANPSOIKEHWH OBITH BBI-
OpaHbI XapaKTepHbIE TOUKU B HAIIPABICHUU IIPOKATKHU IO
OCH CUMMETPUHU MPOKATBIBAEMOIr0 METalla, BAOIb OCe-
BOIl TMHMM — ocU X: Touka / — IepeHUIl TOpEl] BAaJIKOB;
TOYKa 2 — BHEJPCHHE MIEPBOH pedOpIbl; Touka 3 — HEHTP
MEPBOTO IIapa; Touka 4 — BHEAPEHUE BTOPOI peOOp/sI;
TOuka 5 — LeHTp Broporo mapa. Ha puc. 3 mpuBeneHa
MO3auKa pacHpe/elICHUs] HHTCHCUBHOCTH HANpPSKCHUN
IpH MPOKATKE Il1apa B OJHOM U3 MOJ0XKEeHHH BankoB. Kak
BHUJHO, HHTCHCUBHOCTh HANPSDKEHUI pacmperneneHa mo
CeUeHHIo mapa HepaBHOMepHO. Hambomnpmras BennunHa
WHTEHCUBHOCTH HamnpspkeHui 180 — 220 MIla nabmrona-

Stress — Effective, MPa

I 232,6
201,2

174,4
145,3
116,3
87,2
58,1
29,1
0

Min 0
Max 232,6

Puc. 3. UHTEHCHUBHOCTH Hal'[pH)KeHHﬁ IIpyU IIPOKaTKe mapa B OITHOM U3 MOJIOKEHUH BaJIKOB

Fig. 3. Stress intensity in ball rolling in one of the rolls positions
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eTcs 1moj pebopaoil nmpu ee BHEAPEHUH B METaJll 3aro-
ToBKH. Ha oTzenounoM yuacTke, rae IpOMCXOIUT 0OKaT-
Ka IIapoB, MHTCHCUBHOCTb HAMPSDKEHUN 3HAUYUTEIBHO
MEHbLIE.

KoMIIOHEHTB! TEH30pa HANpPsDKEHUM 3aMepsild TakKe
B BBIOPAHHBIX XapaKTEPHBIX TOYKAX BIOJb OCEBOM JIMHUH
MpOKaTKu. Pe3yneraTsl mpuBeeHs! B TaOMI. 1.

MOHO OTMETHTb, YTO BCE KOMIIOHEHTBI TE€H30pa Ha-
MPSOHKEHUH UMEIOT OTPUIATENIbHOE 3HAYEHHE, 3TO FAPaHTH-
PYET OTCYTCTBUE Pa3pylLIE€HHs MeTajjla IPU MPOKATKE €ro
Ha IIapONPOKATHOM CTaHE.

OLeHKy KONMYECTBEHHOW BEIMYUHBI CPEIHEro HOp-
MaJIbHOTO HAINPSUKEHHUs G, U TOKA3aTells HANpPSIKEHHOTO
COCTOSIHUSI k TakKe IMPOBOJWIM B XapaKTEPHBIX TOUKAX.
B xauecTBe nmprMepa HUXKE MPUBEICHBI PE3YJIBTAThI UCCIIe-
JIOBaHMS B OIHOM M3 MOJ0KEHUHN BAJIKOB:

XapakTepHbIe TOUKH 1 2 3 4 5
-7,78 9,83 -7,40 -7,16 -7,95
-3,65 4,46 -2,90 2,28 -3,40

BI/IZ[HO, YTO BCJIMYMHA CPEAHCIO0 HOPMAJIbHOI'O HaIps-
JKCHHUS W TOKa3aTeJib HAIIPsAXKCHHOTO COCTOAHHUSA BO BCEX

Tab6numa 1

KoMnoHneHTHI TeH30pa HANPsIAKEHU I
U UHTEHCHBHOCTH HANIPSIKEHUM

Table 1. Components of stress tensor and stress intensity

3navenus Hanpsoxernit, x 108 I1a,
Hanps- B XapaKTEPHBIX TOYKAX
JKEHUE
1 2 3 4 5
c, -8,06 -9,48 -7,01 -8,78 -7,99
o, -8,07 -9,96 —6,88 —5,43 -7,10
o, -7,22 10,04 -8,30 -7,26 -8,77
o, 1,23 1,27 1,47 1,81 1,35

IIpumevanmue. 6, G ,GC,—HANPAKEHUS COOTBETCTBEHHO
BJIOJIb OCH TIPOKATKH, BJOJb HANpaBlICHHUS YHIMPEHUS, BIOJb
HarnpapJIeHus 00KATHs, G, — MIHTEHCUBHOCTD HAIPSKEHUH.

TOYKaX Ae(OPMUPOBAHHOTO METa/la OTPUIATENIBHBI. DTO
03HAYaCT, YTO HANPSUKEHHOE COCTOSIHUE MeTallia — 00beM-
HOE C)KaTHe, 4TO CIOCOOCTBYeT IiacTU4eckoi aedopma-
UK Merauia 0e3 paspynieHus. HauOombine 3HaYCHHS
CPEIHEr0 HOPMAJIBHOTO HAMPSIKEHUS U MOKAa3aTeNsl Hampsi-
JKEHHOTO COCTOSIHHSI HAaOIIONAIOTCS 0] TIepBOi pebopmaoit
MPOKATHOTO BaJIKA.

HMHTeHCHBHOCTD JeopMaliii pu MPOKaTKe mapa pac-
cMoTpeHa B padore [8].

Takum 00pa3om, IO pe3ynbraTaM KOMITBIOTEPHOTO MO-
JICTUPOBAHMSI YCTAHOBJIEHO, YTO BCE KOMIIOHEHTHI TEH30pa
HaIPSOKEHUN SBISIIOTCS CKUMAIOIIMMH. Takoe HampsiKeH-
HOE COCTOSHHUE IlIapa rapaHTUPYeT OTCYTCTBUE pa3phIXiic-
HIESI METaJJIa U BCKPBITHE MTOJIOCTH B OCEBOI 30HE H3EIHSL.

B noaTeepkaeHne pe3ynsTaToB KOMIBIOTEPHOTO MOJC-
JTUPOBAHMS OBUT MPOBENCH MPOMBIIIICHHBINA KCIICPIMEHT
IIPOKaTKKM 1IapOB HOMUHAIBHBIM auameTpoM 90 u 125 mm
Ha MIAPOTPOKATHOM CTaHE MO pa3pabdOTaHHON TEXHOIO-
THH. Z[J'Iﬂ HCCJICAOBAaHUA OTKJIIOHCHHS MACChl MOJTYUYCHHBIX
IIapOB OT HOMHUHAJIBHOTO Beca OBUIO 0TOOPAHO HECKOJIBKO
napTuil IapoB HOMUHAIBHBIM fuameTpoM 90 u 125 MM no
30 wtyk B Kaxoit nmapruu. [llapsl otOupasn mocie mpo-
KaTK1 Ha HOBBLIX BaJIKaX — II€pBas Cepus I/ICCHCI{OB&HI/Iﬁ u
M3HOIICHHBIX BaJIKax IEpes IMepeBaNKod — BTOpas cepus
UcclleloBaHui. B3BemmnBaHue Ka)0ro 1apa IpOBOAUIH
Ha 1a00paTOPHBIX MPEIH3HOHHBIX Becax BM 1200 BTOpoO-
ro kjiacca TO4YHOCTH. OTOOp MIApOB OCYIIECTBISIIN Cpa3y
MocJIe IPOKaTKK Ha cTane. [1lapsl BEIOMpay TONBKO 3a1mo-
HeHHbIe, 06e3 BUAUMBIX AedekToB (hopmbl. [Tocie oxmax-
JCHUS MIapoB MPOBOIMIN WX B3BEIIMBaHHE. Pe3ymbrarhl
CTaTUCTUYECKOI 00pabOTKU SKCIEPUMEHTAIBHBIX JaHHBIX
0 B3BEIIMBaHUIO IAPOB, MpHUBEICHBI B Ta0id. 2 [20], B KO-
TOpOii S? — BHIOOPOUHAs AUCTIEPCHs; S — CpeiHee KBapa-
THYECKOE OTKIIOHCHHE.

IIpoBepky kauecTBa BHYTPEHHHX CIOEB METayula Mpo-
BOJIWJIM TTOCJIC OTEpaluii TepMUYECKOH 0OpabOTKH U OX-
naxaeHus mapos. llaps! pazpe3anu no nuaMeTpasbHOMY
CCUCHUIO, TPOXOMIAIIEMY dYepe3 Ioiroca (MecTo OTphIBa
MEepeMbIueK) MIapa, NUIM(OBANK MOBEPXHOCTh TEMILIETA
W yOaisuid TIOBEPXHOCTHBIM HAKIJICTIAHHBIN CIIOH. 3arem
IIPOBOAMIIN BU3YyajbHbII OCMOTP IOBEPXHOCTU pe€3a HpH
5-kpaTHOM yBenu4eHUH. [Ipr ocMOTpe MOBEpXHOCTH pa3-

Tabnuima 2

Pe3y.]'ll:TaTbI CTATUCTUYECKOM 06p260TKH IKCICPUMEHTAJIBbHBIX TAHHBIX IO B3BCIINBAHHUIO LIIAPOB

Table 2. Results of statistical processing of experimental data on ball weighing

Huametp mapa, MM _
- . m,T S? S Am, T TTorpemnocTs, %
pacueTHblii | pakTHueckuit
7978.7 | 27 818.8 166.8 +62.1
120 125 82043 | 297219 | 1724 | =642 +0.80
3308.0 2776.7 52,69 +19.6
20 93 3329,0 3269,8 57,18 +21,3 +0,63

11 puMCUYaHHUEC. UYucnurenb — HOBBIC BAJIKH, 3HAMCHATCJIb — U3HOIICHHBIC BAJIKH.
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pe3a neekToB B BHJIE MOPUCTOCTH WIIM MUKPOTPEIINH HE
oOHapykeHo. Jlanee mpoBOAMIM 3aMephl (C IIAroM 5 MM)
TBEPAOCTH TI0 BCEMY CCUCHUIO IIapa.

3aMepbl TBEPAOCTH B IMAMETPaIbHOM MJIOCKOCTH L1apa
HOMMHAJIBHBIM JauaMeTpoM 90 MM M3 HHU3KOJIETHPOBaH-
HOU CTall Toclie TEPMUIECKOM 00pabOTKH MPHUBEICHBI Ha
puc. 4. HccnenoBanus 3aMepoB TBEPAOCTU 10 TOPHU30H-
TAJIbHOW M BEPTHUKAJIBHOM OCSAM HIapa MOKa3aJld, YTO IIap
uMeeT OJMHaKOBY0 TBepaocTh 55 — 60 HRC (cpennee 3Ha-
yenue 57,1) KaK 10 BEPTUKAIBHOM, TaK U TI0 TOPU30HTAITb-
HOU OCSIM CUMMETPUHU.

AHaJOruyHble 3aMepbl TBEPAOCTH MO0 TOPU3OHTAIBLHON
u BCpTHKaHBHOﬁ OCsAM IlIapa HOMHWHAJIbHBIM AOUaMCETPOM
120 MM U3 yIJIepOAMCTON CTaJIM TIPUBEICHBI B padorte [8].

Boi6oon. Hanuuue coxuMaroluX HaOpsDKEHUN IIpH
MpOKaTKe Illapa M OTCYTCTBHE NPOBAJIOB TBEPAOCTH BO
BHYTPEHHHX €r0 CJIOSAX TapaHTHPYIOT OTCYTCTBUE Pa3py-
LIEHHUs] MeTajljla NpU €ro NpOKaTKe Ha LIApONpPOKATHOM
CTaHe M 00ECHEeUNBAIOT MONIY4YEHUE KaueCTBEHHOTO H3/e-
nust 6e3 TPEIIMH U Pa3phIXJICHUS METajla B CepPIIICBUHE
3arOTOBKH.
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MATHEMATICAL MODELING OF BALLS ROLLING

M.V. Filippova, M.V. Temlyantsev, V.N. Peretyat’ko,
E.E. Prudkii

Siberian State Industrial University, Russia, Novokuznetsk

Abstract. The paper presents the results of simulation of rolling of balls
precise in mass with diameters of 93 and 125 mm in screw calibers in
QForm-3D and DEFORM-3D, the stages and initial data of creating
a virtual model of ball-rolling mill are described. The stress state of
the metal in characteristic points along the rolling axis was analyzed:
stress intensity, stress tensor components, average normal stress. The
results of mass measurements of balls rolled on new and worn rolls
are presented. The quality check of the inner layers of metal was
carried out and the hardness of the rolled balls was measured along
the vertical and horizontal axes of ball symmetry. Investigation of
metal deformation in simulation of ball rolling has shown that heated
billet in form of hot-rolled steel rod is well gripped by rolls, rolling
process is stable without slipping. Billet metal fills the gauges comp-
letely. There are no gaps observed between metal and gauges walls.
Breaker cores connecting molded balls are completely separated in
the mill rolls. In this case, core is cut by the rolls flange and is pressed
into the ball body. Separated ball continues to roll in gauge finish-
ing section, core remains are smoothed, and completely formed ball
with a smooth surface appears from the rolls. It was established that
in stress-strain state modeling all components of stress tensor have
negative value, that is, all components of stress tensor during balls
rolling are compressive. Statistical processing of data on weighing
rolled balls with a diameter of 93 mm and 125 mm shows that devia-
tion of mass from the nominal does not exceed 1 %. Measurements of
hardness along the balls diametric section shows absence of hardness
failures in the inner layers of rolled metal, which indicates a good
quality of core zone.

Keywords: mathematical simulation, computer simulation, ball, ball rolling

mill, cross rolling, ball quality, stress-strain state, statistical process-
ing, ball hardness, average normal stress.
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