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Armomauuﬂ. N3noxkeHb Pe3yabTaThl paciycTa HAIPSIKCHHOTO COCTOSIHUS METajljIa B odare Heq]OpMaHI/II/I TIpY BHEAPCHUH Pa3ACIIAIOIMUX 6ypTOB KaJ’II/I6p0—

BaHHOTO OOMKA B CTAJILHOI HEMPEPHIBHOIUTOM CIISIO MPH TTOTyYEHUH COPTOBBIX 3arOTOBOK Ha YCTAHOBKE COBMEIEHHOTO MPOLEcca HEPEPbIBHOTO
IUTHS U AedopManuu. Pe3ynbraTsl pacdera 0CeBbIX, KACATENbHBIX 1 SKBHBAJICHTHBIX HANIPSUKCHHI, BOSHHKAIOMNX B odare Ae(opMamiy MeTauia
IPH MOJIYYEHUH TPEX COPTOBBIX 3arOTOBOK, BBITIOJIHEHBI B UETHIPEX ceUeHMsIX ouara nepopmaruu. [Tokazan Buj ceuenus ouara qe)opmManny u Mec-
Ta PacIONOKEHIS XapaKTePHBIX ToueK. HampsukeHHOe COCTOSHIE MeTalla B odare MUKIHIecKol aedopManuu npu GOpMHPOBAHUY Pa3IeIIAIOIIH-
MU OypTamu KaanOpoBaHHBIX OOMKOB M3 HEMPEPHIBHOIUTOTO CIsi0a TPEX CTAIbHBIX COPTOBBIX 3arOTOBOK HA YCTAaHOBKE COBMEIIEHHOTIO IpoLecca
HENpPEePHIBHOTO JIUTHS U Ae(hopMaliy ONPENeTIeHO IIyTeM PEeeHHs 00beMHOH 3a/[aull YIPYTOIIACTHYHOCTH METOIOM KOHEUHBIX JIEMEHTOB C HC-
nosb3oBanneM nakera ANSY'S. PesynbraThl pacueTa 0CeBbIX, KacaTelIbHBIX H SKBUBAIICHTHBIX HANPsDKEHUH 110 Musecy B ouare aedopMariuu mpu
(hopMHPOBAHUN Pa3IEIAIONIMMY BBICTYIIAMH KaIHOPOBAHHBIX OOHKOB M3 HEIPEPHIBHOIUTOTO CI10a TPEX CTAIBHBIX COPTOBBIX 3aTOTOBOK Ipel-
CTaBJICHbI B BUIE rpa)uKoOB U TAOIMIL 10 pabOUNM ITOBEPXHOCTAM B YETBIPEX MONEPEUHbIX ceueHUsX. OnpesieseHbl BeIMUYHUHBI U 3aKOHOMEPHOCTH
pacIpesieIeH s OCEBBIX, KaCaTeNbHBIX U SKBUBAJICHTHBIX HAIPHKCHUH IO JUIMHE M MIIPUHE o4ara Ae(opMamuy IIPH MOTyYeHHH TPEX COPTOBBIX
3arOTOBOK Ha YCTAHOBKE COBMEIIEHHOI'O IPOLECcCca HENPEPBIBHOTO JIUThS U AedopMain. [Toka3an xapakTep pacrpeeneHust OCeBbIX HaNpsHKeHUH
0 XapaKTEePHBIM JIMHHAM, PACIOIOKECHHBIM 110 IIMHE o4ara gedopmanuu. [IpuBeneHb! 3Ha4eHU HAHOONBIINX CKHIMAIOIINX U PACTATUBAIOIINX
OCEBbIX HalpsHKEHHH, BO3HUKAIOIINX B odare Je(opMaruy npy BHEAPEHUH pasielsionyx OypToB KaauOpoBaHHbIX O0MKOB B CTalIbHON HENPepbIB-
HOJUTOH c11s10, IPH MOTyYEeHNH TPEX COPTOBBIX 3aTOTOBOK HAa YCTAHOBKE COBMEIIEHHOTO IIPOIecca HeIPEPhIBHOTO JIUThS U Ae(OPMAIHHL.

Knroueswie cnosa: YCTaHOBKa, HECTIPEPLIBHOC JINTHE, COPTOBAsI 3ar0TOBKA, CJ'ISI6, KaHH6p0BaHHHﬁ 6061(, oygar [[e(bOpMaHI/II/I, KOHEYHBII SJIEMCHT, HaIIpsIKe-

HHUE.

DOI: 10.17073/0368-0797-2020-9-730-734

- MOCTAHOBKA U METOAUKA PELLUEHUA 3AQAYU

[TocTaHoBKa 3a/1a4u U OIpeeIeHne 3aKOHOMEPHOCTE!
pacnpeieseHus epeMenieHH MeTalia B ouare [UKIndec-
Kol nedopManuy Mpu MOIYICHUH COPTOBBIX 3aTOTOBOK U3
CTaJIM Ha YCTAaHOBKE COBMEILIEHHOTO IMpOoIecca HeMpephIB-
HOTO JIUThsl U JedopManuu paccMOTpeHbl B pabote [1].
TexHoIornsi COBMEIICHHOTO TpoIllecca BKIIOYAET Herpe-
PBIBHOE JIUThE CII510a B KPUCTAJLIH3ATOPE U €0 MPOIOIBHOE
pasneneHue KaTnOpoBaHHBIMY OypTaMy OOHKOB yCTAaHOBKH
Ha psiJl COPTOBBIX 3arOTOBOK, COEJUHEHHBIX [I€PEMbIUKaMHU,
3a oiuH npoxon [2 — 4].

B nacrosmeil paboTe npeacTaBieHbl pe3yabTaThl pac-
4yeTa HaINpsDKEHHOTO COCTOSIHUS MeTayia B ouare nedop-
MaIUK [IPH MOJIyYEeHUH TPEX COPTOBBIX 3arOTOBOK U3 CTAIN
Ha yCTaHOBKE HEMPEPHIBHOTO JIThS U JAedopmanuu. Jis
9TOH LIeNK pelleHa 3ajaya ynpyromiacTHYHOCTH METOA0M
KOHEYHBIX 3JIEMEHTOB B 00bEMHOI TIOCTAHOBKE C MCITOJb-
3oBanueM nakera ANSYS [5 — 20].
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[ PE3YNLTATBI PACHETOB

By ceuenust 4 v NoJoXKeHHE XapaKTEPHBIX TOYEK MPEJI-
CTaBJIEHO Ha puc. 1.

Pesynbrarel pacuera oceBbix (SX, SY, SZ), kacareabHbIX
(SXY, SYZ, SXZ) n nanpsoxenuii mo Musecy (SEQV) npu-
BEJICHBI B Ta0JIHIIE.

Puc. 1. Bux ceuenust 4 (1Mon0)KeHNUE TOYEK JUIS IPE/ICTABICHUS
PE3YIBTATOB 0 Pa3BEPTKE MEPUMETPA CCUCHHS)

Fig. 1. Section 4 (position of the points for presenting results
along the perimeter scan of the section)
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Hanpsi:keHust B 1eCTH TOYKAX YeThIpex cevyeHui

Stresses at six points of four sections

Homep Hampsokenue, MIla
TouKH SX SY Sz SXY SYZ sxz | sEov
Ceuenmue /
1 -91,6 —47,2 —68,1 -8,6 -0,3 -0,2 41,3
2 -102,2 -57,9 -74,2 -9,6 1,7 1,6 42,4
3 -29,2 -73,0 -30,2 -5,7, 4.2 4,9 -1,4
4 -93,0 —46,1 -57,3 1,2 0,2 0,7 42,5
5 -11,6 -80,8 -394 -6,5, -5,7 4.5 -0,3
6 —125,0 78,6 -92,5 -8,7 -0,8 -0,5 44,0
Ceuyenue 2
1 —83,5 —47,2 -67,3 7,3 0,6 0 34,0
2 -76,0 —44.2 -60,9 7,0 5.8 2,0 32,0
3 -16,8 -86,9 -56,7 -7,1,0 5,2 10,1 —4.,0
4 —-111,5 —85,2 -60,4 11,3 1,1 0,9 48,5
5 -24,0 —88,5 -59,7 -7,2, 5,0 -9.,5 4,3
6 -59,4 -35,1 —44.9 7,9 -6,0 -2.9 27,7
Ceuenne 3
1 -31,6 -3.6 =523 4,9 1,8 1,4 43,4
2 -37,5 -20,1 -62,3 10,2 10,3 -7,8 46,5
3 -61,5 -19,9 -57,1 12,2 11,6 -1,8 49,3
4 -170,5 —146,2 -98,5 7,5 5,4 -5,9 66,3
5 —66,0 =237 -62,0 12,7 —-11,5 3,5 50,5
6 -87,0 -62,3 —100,0 13,5 -10,5 10,2 47,9
CeueHnue 4
1 -57,0 11,6 —47.,5 6,4 1,5 -1,4 43,0
2 -38,0 8,6 =247 7,6 1,6 1,6 43,7
3 —-14,4 32,6 -14,9 8,0 2,8 -1,9 49,6
4 —154,7 -92.,9 76,1 11,9 4,8 -5,4 75,6
5 -23,4 26,1 21,7 7,2 -2,5 4,6 51
6 -30,1 21,7 -16,5 8.4 -1,2 2,8 49,0

OceBble HanpspKeHUsA B oyare JedopMaluu sSBISIOTCS
CKMMAIOLIMMU U paclpenessitoTcs 110 NepuMeTpy BIalu-
HBI cedeHus / kpaiiHe HepaBHOMepHO. Hanbonbiieit Benu-
yuHbl, paBHOW —125 MIla, HanpspKkeHUs: JOCTUTAIOT B Ha-
MIpaBJIeHUH OCU X B 30HE TOUKH 0. [lanee 3To HanpsKeHue B
Touke 3 cHmkaercs 10 —29,2 Mlla, a 3arem Bo3pacraer 10
—93 MIla B Touke 4 BnaauHsbl (cM. TaOIHLLY).

AHanoOTrnYHBIA XapakTep pacIhpe/eleHus] UMEIOT Ha-
MIpsDKEHMS B HAIIPaBJICHUH Oceil Z U Y, HO WX 3HaYeHHs 3Ha-
YUTENFHO MeHbIIe. Hanbonpiel BennInHbI HaNpsDKeHNS B
HaNpaBJIeHUU Ooceil Z 1 Y JOCTUraloT B 30He TOYEK 2 U 6 U
COOTBETCTBEHHO paBHbI —92,5 u —78,6 MIla. Hanpsixenne
o Muzecy umeer Hauboubiee 3HaueHue 44 Mlla B 30He
Touek 2 u 6. OceBble HANPSKEHUS B CEUEHNH 3 B HaIpaBJie-
Huu ocell X, Y 1 Z pacupenensitoTcsi KpaliHe HepaBHOMEPHO,
JIOCTUTasi MAaKCUMaJIbHbBIX 3HAYEHUH B 30HE TOUKHU 4 U COOT-

BETCTBEHHO paBHbIX —170,5, —146,2 u —98,5 MlIla (puc. 2,
cM. Tabmuiy). KacarenbHble HanpsoKeHUsT HA KOHTaKTHBIX
MOBEPXHOCTAX JocTUraroT Haubombmux (13,5 MIla) 3Ha-
YCHHUH B 30HE TOYKH 6 CeUCHUS 3.

B omimnune ot ceuenuii / 1 2 B ceueHud 3 B 30HE BIIAIUH
BO3HUKAIOT PACTSTHBAIOIINE HAMPSKEHHs] B HAIIPABICHUU
oceil Z u Y BeauuuHo# 72,4 u 61,1 MIla cOOTBETCTBEHHO
(puc. 2).

Jpyroii xapakrep pacrpeneiacHus] UMEIOT HANPSHKESHUS
B HANpaBIEHUU OCU X, KOTOpPbIE B TOUKE 4 BIAJAWHBI CIKU-
MaloIie ¢ MaKcCUMalbHOU BenmnmuuHoi —170,5 MIla, a 3a-
TE€M B 30HE BIAJIMHBI MEPEXOAT B PACTATUBAIOININE BEIH-
ypHoit 24,7 MIla.

Hampspkenns mo Mwusecy A0CTUTalOT MaKCUMAabHON
BenuunHbI 75,6 MI1a B ceuennu 4 BOnu3u Touku 4 (cM. Tad-
JUILY).
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Ocegvie nanpsicenus, Mlla

0 10 20 30 40 50

Juna, mm

Puc. 2. OceBble HaNPsHKEHUS 110 YaCTH JAJIMHBI BIIAJJMHBI CEYCHUS 3;
cepequHa rpaduka MPOXOIHUT Yepe3 TOUKY 4 (MOJOKEHUE TOYCK YacTH
CEUEHHS MPEACTABICHO Ha puC. 1):
1—-S8Y; 2—-SZ; 3 - SX; 4 — nmuHuA, NPOXOISIIAs Yepe3 TOUKy 4

Fig. 2. Axial stresses along the part of cavity length of section 3;
middle of the graph passes through the point 4 (position of the points
of section part on Fig. 1):
1-S8Y; 2—-8Z; 3 - SX; 4 — line passing through point 4

PaccmoTrpum pesynbrarhl pacuera paclpeleieHus Ha-
MPSDKCHUM 0 XapaKTEepHBIM JIMHUAM odara jaedopMariiuu
[IpU TOJIyYEHUH TPEX COPTOBBIX 3arOTOBOK HA YCTAHOBKE
HETIPEepPBIBHOTO JUThS U Aedopmarmu. [logokeHne xapak-
TEPHBIX JIMHUI [T0Ka3aHO Ha puc. 3.

PesynbraThl pacyeTa 0ceBbIX HANPsDKEHUN MO JTUHUH [
W 7 TIpeJCTaBleHbI Ha puc. 4, a, 6. Bua rpadukoB Hampsi-
JKCHUM 10 JTUHUU 7 CBUACTCIBCTBYCT O HAJIMYMUU B KOHIIC
odara neopMaIii PacTATUBAIONINX HANpPsDKCHUH B Ha-
npasnenuy ocy Y Benuunnoi 30 MITa. Hanpsixkenus B Ha-
MpaBJICHUH Ocell Z u X CKUMAIOIINE, TOCTUTAOIINE B KOH-
e ovara gedopmanuu Hanbonpmux (—95 MIla) 3HaueHHH.

[Ipu hopmMupoBaHHUN pasfAeISONMMA OypTaMu OOMKOB
COPTOBBIX 3arOTOBOK U3 CJIsI0a MPEACTABISIET HHTEPEC pac-

Jlunus 7

Jlunus 4

Jlunus 1

Jlunus 2
Jlunus 5

Jlunus 3

Puc. 3. IlonoxxeHue TMHUHA, 1 KOTOPBIX IPUBEICHBI IpadUKu
HanpsDKSHU T

Fig. 3. Position of the lines for which stress graphs are given
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IIpEJENICHUE OCEBBIX HANpSIKEHUU 110 JUHMU 5 odara Je-
¢dbopmarmu (puc. 4, 6).

OceBble HaIPsKEHMs B HAIIpaBJIEHUU oce X U Z CKu-
MaroIIxe, JOCTUTAIONTNE HAanOOJBIIINX 3HAUCHUH B 30HE Ce-
yenus 2 —88 n —70 MIla cooTBeTcTBeHHO. Jlpyroil xapak-
TEp paclpeseseHUs] UMEIOT HAIPSOKCHHsI B HAIPABICHUH
ocH Y, KoTopble B Havaje ouara JeopMalii pacTIruBaro-
e BenuunHou 30 MIla, 3arem mo JuimHe odara nedop-
Malluu MepexoJsT B coxumaromue BennuuHo —60 Mlla,
a B KOHIIe oyara Jie(popMaIii CTAHOBSITCS PacTATHBAIOIIH-
MU co 3HaueHueM 42 MlIla (puc. 4, 6).

Hampspkennss mo Musecy pacnpelensitoTcest 1Mo JJIHE
ouara JiehopmMani HepaBHOMEPHO, JTOCTHUrasi 3SHAYCHUH 110
57 MIla B xoHIle o4yara je(opMaIi.

40

i |
L4 -
|
|
|
|
|

Ocegvie nanpsoicenus, Mlla
N

Ocegvie nanpsoicenus, Mlla

___ _________TL____

Ocegvie nanpsoicenus, Mlla
I
Ny
S

Jlnuna, mm

Puc. 4. Ocessbie Hanpspkenus o auHun [ (a) u 7 (6) (Hauano rpaduka
COOTBETCTBYET Hadally ouara aeopMariuu):
1-S8Y;2-57; 3—8SX;, 4— ceuenue [; 5 — ceuenue 2; 6 — ceueHue 3;
7 — cedyeHue 4

Fig. 4. Axial stresses along the line / (a) and 7 (6) (beginning of the
graph corresponds to the beginning of deformation zone):
1-SY;2-5Z; 3 SX; 4—section /; 5 — section 2; 6 — section 3;
7 — section 4
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[ BoiBOAbI

[TocTaBneHa u penieHa oObeMHasl 3a7a49a ONpPe/IeIICHUS
HaNpsHKCHHOTO COCTOSIHHMS MeTajia B o4are jaedopMaruu
MpU TONYYEHUU TPEX CTaNbHBIX COPTOBBIX 3arOTOBOK U3
HENPEPBIBHOJIUTOTO cisiba 32 ONWH MPOXOJ HA yCTaHOBKE
COBMENICHHOTO MPOIECCa HEMPEPHIBHOTO JUThS U Jedop-
MaIyu.
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STRESS-STRAIN STATE OF METAL IN DEFORMATION ZONE
DURING PRODUCTION OF STEEL SECTION BILLETS ON THE UNIT
OF COMBINED CONTINUOUS CASTING AND DEFORMATION. REPORT 2

0.S. Lekhov, A.V. Mikhalev

Russian State Vocational Pedagogical University, Ekaterinburg, Rus-
sia

Abstract. Stress state of metal in deformation zone during introduction
of the separating collars of the grooved die into continuously casted
steel slab was calculated for production of section billets on the unit
of combined continuous casting and deformation. Calculation of axial,
tangential and equivalent stresses arising in deformation zone of metal
was made in four sections of deformation zone and its results are pre-
sented in specific points and lines. View of the section of deformation
zone and location of specific points are provided. The stress state of
metal in zone of cyclic deformation at formation of three steel section
billets from continuously cast slab by separating collars of grooved
die on the unit of combined continuous casting and deformation was
determined by solving extensive problem of elasticity with the finite
element method using the ANSY'S package. The results of calculation
of axial, tangential and equivalent stresses according to Mises in de-
formation zone are given in form of graphs and tables for working sur-
faces in four cross sections. The values and regularities of distribution

of these stresses along the length and width of deformation zone were
determined. The character of axial stresses distribution by characteris-
tic lines located along the length of deformation zone is shown. Values
of the highest compressive and tensile axial stresses arising in defor-
mation zone during introduction of separating collars of grooved were
obtained for the unit of combined continuous casting and deformation.

Keywords: installation, continuous casting, billet, slab, grooved die, defor-

mation zone, final element, stress.

DOI: 10.17073/0368-0797-2020-9-730-734

1.

REFERENCES

Lekhov O.S., Mikhalev A.V. Stress-strain state of metal in deforma-
tion zone during production of steel section billets on the unit of
combined continuous casting and deformation. Report 1. Izvestiya.
Ferrous Metallurgy. 2020, vol. 63, no. 7, pp. 548-553. (In Russ.).

Lekhov O.S., Mikhalev A.V. Ustanovka sovmeshchennogo protses-
sa nepreryvnogo lit’ya i deformatsii dlya proizvodstva listov iz stali
dlya svarnykh trub. Teoriya i raschet [Unit of Combined Continuous
Casting and Deformation for Production of Steel Sheets for Welded

733



M3BECTHUS BBICIIUX YUYEBHBIX 3ABEAEHUIN. YHEPHASL METAJJIYPrus. 2020. Tom 63. Ne 9

10.

11.

12.

13.

Pipes. Theory and Design]. Ekaterinburg: 1zd-vo UMTs UPI, 2017,
151 p. (In Russ.).

Lekhov O.S., Bilalov D.Kh. Technological capabilities of combined
continuous casting and deformation units for production of metal
products. Proizvodstvo prokata. 2016, no. 7, pp. 24-26. (In Russ.).
Lekhov O.S., Ukhlov LV., Mikhalev A.V. Sposob nepreryvnogo
lit 'ya zagotovok i ustroistvo dlya ego osushchestvleniya [Method for
continuous casting of billets and device for its implementation]. Pa-
tent RF no. 2658761. Byulleten’izobretenii. 2018, no. 18. (In Russ.).
Mazur D.D., Khizhnyak V.L. Resistance of low-alloyed steels to
deformation. Stal’. 1991, no. 8, pp. 41-43. (In Russ.).

Khenzel’” A., Shpittel’ T. Raschet energosilovyvkh parametrov v
protsessakh obrabotki metallov davleniem [Calculation of Power
Parameters in Metal Forming Processes]. Moscow: Metallurgiya,
1982, 360 p. (In Russ.).

Fujii H., Ohashi T, Hiromoto T. On the formation of the internal
cracks in continuously cast slabs. Transactions of the Iron and Steel
Institute of Japan. 1978, vol. 18, no. &, pp. 510-518.

Sorimachi K., Emi T. Elastoplastic stress analysis of bulging as a
major cause of internal cracks in continuously cast slabs. Tetsu to
Hagane. 1977, vol. 63, no. 8, pp. 1297-1304.

Takashima Y., Yanagimoto I. Finite element analysis of flange
spread behavior in H-beam universal rolling. Wiley in Steel Re-
search International. 2011, vol. 82, pp. 1240-1247.

Kobayashi S., Oh S-I, Altan T. Metal forming and finite-element
method. New York: Oxford University Press, 1989, 377 p.
Matsumia T., Nakamura Y. Mathematical model of slab bulging
during continuous casting. In: Applied Mathematical and Physical
Models in Iron and Steel Industry. Proceedings of the 3" Process
Technological Conference, Pittsburgh, Pa, 28-31 March 1982. New
York, 1982, pp. 264-270.

Segerlind Larry J. Applied finite element analysis. New York etc.,
1976. (Russ. ed.: Segerlind L. Primenenie metoda konechnykh ele-
mentov. Moscow: Mir, 1979, 393 p.).

Norrie D. H., de Vries G. An introduction to finite element analysis.
Academic Press, New York, 1978. (Russ. ed.: Norrie D., de Vries G.

15.

16.

17.

18.

19.

20.

Vvedenie v metod konechnykh elementov. Moscow: Mir, 1981,
304 p.).

Gallagher R.H. Finite Element Analysis: Fundamentals. Prentice-
Hall, New Jersey, 1975, 420 p. (Russ. ed.: Gallagher R. Metod
konechnykh elementov. Osnovy. Moscow: Mir, 1984.).

Zienkiewicz O.C., Morgan K. Finite Elements and Approximation.
New York: Wiley, 1983, 328 p. (Russ. ed.: Zienkiewicz O.C., Mor-
gan K. Konechnye elementy i approksimatsiya. Moscow: Mir, 1986,
318 p.).

Pervez T., Seibi A., Karrech A. Simulation of solid tubular expan-
sion in well drilling using finite element method. Journal of Petro-
leum Science and Technology. 2005, vol. 23, no. 7-8, pp. 775-794.
Zienkiewicz O., Taylor R. Finite Element Method: 5" ed. Vol. 1-3.
Butterworth and Heinemann, 2000, 659 p.

Park C.Y., Yang D.Y. A study of void crushing in large forgings II.
Estimation of bonding efficiency by finite-element analysis. Jour-
nal of Materials Processing Technology. 2004, vol. 157-158,
pp. 496-501.

Duan H., Velay X., Sheppard T. Application of finite element me-
thod in the hot extrusion of aluminium alloys. Materials Science and
Engineering 4. 2004, vol. 369, pp. 66-75.

ANSYS. Structural Analysis Guide. Rel. 15.0.

Information about the authors:

O.S. Lekhov, Dr. Sci. (Eng.), Professor of the Chair of Engineering
and Vocational Training in Machinery and Metallurgy
(mxlehov38@yandex.ru)

A.V. Mikhalev, Cand. Sci. (Eng.), Senior Lecturer of the Chair of Engi-
neering and Vocational Training in Machinery and Metallurgy
(mialex@trubprom.com)

Received March 25, 2019
Revised April 14, 2020
Accepted May 5, 2020

734



