M /p M+2/j.J i?2K iB+ HJQ/2H 7Q " e@?
h M/2K *QH/ _QHHBM: S Q+2bb
sBr2B 62M;- SB2 "2 JQMIKBIQMM2i-Zm Mu M;- M m

hQ +Bi2 i?Bb p2 ' bBQM,

sB r2B 62M;- SB2 "2 JQMiIKBIiQMM2i-Zm Mu M;- M"mB >2-sB Q+?2M q
2K iB+ HJQ/2H 7Q° e@?B;? h M/2K *QH/ _QHHBM; S'Q+2bbX S Q+2
S i Q7 bT2+B H Bbbm2, AMi2°M iBQM H *QM72'2M+2 QM i?2 h2+?MQ
a2Ti2K#2  kyRd-* K#'B/;2-IMBi2/ EBM;/QK- kyd- TTXRjdN @ Rj39X IRy
I1? H@yReedddN=

> G A/, ? H@yReedddN
?2iiTbh,ff? H@KBM2b@T 'Bbi2+?X "+?Bp2b@Qmp2 i2b.
am#KBii2/ QM RN .2+ kyRd

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



CrossMark

Procedia Engineering 207 (20117379-1384

International Conference on the Technology of Plasticity, ICTP 201Z21September 2017,
Cambridge, United Kingdom
An Advanced 3D Mathematical Model
for a 6high Tandem Cold Rollin§rocess

Xiawei Feng*, PierreMontmitonne?,
Quan Yang Anrui He?, XiaochenWang

@University of Science and Technology Beifnl§ERCARNo. 30, Xueyuan Road, Haidian District, Beijibg0083,China
®MINES ParisTech- CEMEF, CS 10207 Rue Claud@aunesse, Sophia Antipolis, 06904, France

Abstract

The present paper focuses on the validatiomejaing efforts made to develaopore advance8D mathematical model for cold
rolling strip process{]. Following [2], the model uses the mudfiab strategyto deal with the differential reduction in the
transverse direction due to roll deformation, and analytical solutions of roll bending and flattsciregized by the Influence
Function Method (IFM)Furthermorethe modehas been extended incorporat elastic deformtion of strip and to be fit fo8-
high rolling mills with shiftable work roll (WR) or Intermediate Rolls (IR) as well asigh mills. Validation is performed by
using FEM solutions (Abaqus® implicit) as referen@®D quasstatic modeko check the slab method under rigid work roll
condition; a 3D FEM taliscussthe assumption of small lateral floe¥ strip; a comparison of FEMindIFM with regardto 6
high roller stacldeformationwith intermediate roll shifting. All these steps arsesgtial to gain more insigirto the mechanism
of cold rolling strip and tguidefuture developmentwork of the mathematical model.
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1. Introduction

Modern steelstrip coldrolling involves tandemmills consisting oftypically five successive sikigh (6 rolls)
stands with complex actuations : edch standwork roll (WR) and intermediate rol{IR) shifting, roll bending
forces (FRB) allow fast adaptation whereasll grinding crown brings a constant, first order correction to roll
bending and flattening. These are necesgawierful took for an optimalstrip profile and flatness, butodelling is
needed to design timamultivariablecontrol system.

For this particularly important metal forming processiuanber of models have been developed for a long time,
seee.g. [13] and a review in [4]However on modern mills, WR and Hall shifting make it a fully 3D problerm
which planar symmetries are replaced by skgmmetry requiring extension into moresgeral modelsMoreover,
rolling harder steel gides results in higher stressesaljing for more robust deformation models. Finallyedto the
large number of parameters to be included in the design procedurembsamatical modelmust bring about a
high qualitytost ratio tcallow intensiveparametricstudies

Many methodsare currentlyused to modestrip deformationSlab Method(SM) in 2D, Upper Bound Method
(UBM) or Finite Element MethodHEM) for both 2D and 3D; aasymptotic approachas alsdbeen appliedo the
calculation of 2D strip deformation [5], offering interesting mathematical insight but wilimited practical
capacities.To model roll bendingresearchers use either theam thery or the FEM, whereas flattening is
calculated by e.gBoussinesq'sanalytical equations or tHeEM. Most recently, a boundary element method using
the Mindlin's solution has beenproposed to solve the elasfiattening deformation of the whole radtack BJ;
however to cope with complex boundary conditiottsgse authordiad to introduce FEMbased approximate
correctionsjust as in the seranalytical model of Hacquif8] which therefore remairss precise anfhster

To deal with the wholéstrip + rolls + &tuators)problem,any combination of thee brickscan be, and has been,
proposedthe coupling technique being an essential ingref@@nT his has been done using e.g. the FEM [7] for the
whole systems but the castvery high.The present paper is ipged from Pawelski’'s work 2], whereby a semi
analytical model of the roll deformation is discretized by the Influence Function Method (IFM) whereas a series of
longitudinal 2D slabs modelled with the SM deal with the differential reduction across ttieimddiced by roll
bending and flattening. Such approactepredict rolled strip crowhavebeen experimentally validatéd the past
under various rolling condition®r mild steelrelatively thick stripsin a previous paper [8khe presentauthors
have improved the accuracy dhe model of[2] by relaxing Hitchcock’sassumption of circular work roll surface
andadding discretization technique of Influence Functidethod in rolling directionin an effort to address harder
and thinner strips in the fure. The present paper is devoted to the validation of two bricks of the model. thest
elasticplasticSM is compared with 2[planestrainFEM. Secondly 3D FEMis used to check (ihe assumption of
viewing strip as a series sfabsat differenttransverseositionsand (2)the roll stackelastic deformatiormodel
based on thinfluence Function MethofFM).

Nomenclature

X, Y,z Cartesian coordinates in the rolling, transverse and thickness direction, respectively
0 strain, upper scrigh for plastic strain

2. Brief models description
2.1. Strip deformation

The present Slab Model is based on the variant proposkd agd Sutcliffe 9] (where full details can be found)
of the SM initiated by vio Karmanin 1925 The main assumptions are plane strain stnelss uniformity in the
normal direction (z), resulting in a 1D ordinary differential equaf@BE) in the normal and tangential stress. The
friction stress is expressed by a Coulomb law; the stick / slip kinematical transition is smoothed by aatgulariz
technigue [10] using the tangential relative velocity. An elgdtistic model is used, based on Praf#lss
additive decomposition of the strain rate and including wadeningTaking the back tension &stial condition,
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the ODE is integraté due to the change of the sign of friction at the unknteation ofthe neutral point, an
iterative procedure ineead to ensure that the exit stresatcheghe front tensiona bisection methods usedfor
the initial two iterationsa secanimethodfurtheron.

It must be noted that special care must be taken when rolling hard and thin material, because of the large elas
deformation of WR which may result in a central elastine(or “contained plastic”, or “nlip”) inserted between
the entry ad exit plastic zones (with further elastic zones at entry and exit of course). The integration with changing
sets of equations proves difficult in the central area due to spurious sign change of the local roll profile slope unde
extreme contact pressurekherefore[9] inverts the schemim the central areand deduce normal and tangential
stressesiot from equilibrium equation integration, biubm the neslip condition both strip and roll beinglastic.
This option is howevenaot used in the presenaperwhich is thus limited to rolling of thicker strips

2.2.IFM model of roll stack deformation

For 4/6 high rollstacks, the authors follothe 3D semianalyticalelastic roll deformation modéllly described
by Hacquinet al. B4]. It combines roll bendip based on Timoshenko’s beaheory, roll flattening based on
Boussinestg equations for a senmnfinite solid arbitrarily loaded on its surface, Hertz contact theory for the roll
roll contact. End effect for the complex geometry and boundary conditibitke roll barrel edge have been
corrected by analytical expressions derived from extensive FEM comparisons. All equations are discretized by a 3
influence function method. Due to the unknown reloll contact areas, the resulting equations arelimear and
are solve by NewtoeifRaphson scheme.

3. Result and discussion

3.1.Planestrain study: validation of Slab Method against FEM

Table 1. Parameters used for the rolling pass

Variables Value

Inlet/exit thickness 1.6/1.152nm

Roller radius 100mm

Back/fronttension stress 65/75MPa

Young's Modulug(strip) 210GPa

Poisson’s ratidstrip) 0.3

Tresca jeld stress 230+1200 0

Coulomb friction coefficient 0.08(bitein),0.075(quasktatic)
Strip width 200mm

Roller crown 5um

First, the comparison betweedM and FEM (Abaqu® implicit, quasistaic 2D) is presentedor the elastic
plasticstrip deformation Top/bottom symmetry has been assumed, rolls are rigid. With abouCsESRelements
anda time step of 2d secondn the roll bite, FE convergence hlasen reached. To deal with the engagement of
the strip in the roll bite, a threstep strategy has been used with the FEM: first, sedtifign contact, ten bite-in
with a higherfriction coefficient whereas rolaccelerats finally reaching aquastisteady rolling process with
parametersf table 1.

The SM calculation costs only a few seconds whereas tens of minutes are needed for FEM to reasteadyasi
state.Fig .1 (@) shows that there is a shear effect at bite eagyseen by the nestrictly vertical contour lines of the
strain; it could be evidenced by plotting the strain rate map with an adapted (logarithmichsicHiesis not done
here due to the small impact of this feature. This point is indeed markadslight normal pressure peak in the












