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Applications of advanced models
to prediction of flatness defects
in cold rolling of thin strips
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L LEM3, Université de Lorraine, UMR CNRS 7239, Metz, France,
2 CEMEF, MINES ParisTech, UMR CNRS 7635, Sophia-Antipolis, France,
3 ArcelorMittal Research Maizieres, R&D Industrial Operations, Maiziéres-les-Metz, France

Flatness defects in thin strip cold rolling are a consequence of roll thermo-elastic deforma-
tion, from which heterogeneous strip plastic deformation results. When flatness defects
manifest on line, buckling reorganizes the stress field in the pre- and post-bite areas. This
might impact strain and stress fields in the bite, an effect which had been neglected. Two
coupled Finite Element Method (FEM) approaches are presented here to examine to what
extent such potential in-bite / out-of-bite feedback determines the in-bite fields and the
flatness of the strip. Using both methods and comparing with the standard case where
buckling is not accounted for, it has been shown’ that (i) taking buckling into account re-
sults in a completely different stress field and fits correctly the measured on-line residual
stress profile under tension (by “stress-meter rolls”); (ii) coupling buckling in the post-bite
area and the rolling model, whatever the technique, changes little the in-bite fields. The
models are applied here to several questions, namely the impact on flatness of heteroge-
neous temperature fields and of thinner edges, and the effect of friction on optimal setting
of a flatness actuator, Work Roll Bending (WRB).

Keywords: Rolling, Thin Strips, Finite Element Method, Friction, Flatness Defect
1. INTRODUCTION they may induce buckling and flatness defects. Thishy
the post-bite stress profile is called “latentrileds defects”.

Due to rolls deforming elastically, the roll gaprist uni-
form in the width direction: strip reduction slightlepends

on the width coordinate y (figure 1). The resultiegidual y fl

stresses may be compressive locally in spite of st Central,

tension applied. In such a case, on-line manifefitedess X hggg':g%'gal

defects (non developable, out-of-plane displaces)emiy

occur for thin strips (Figure 1). They are due dger(erally Edge waves — Rolling

elastic) buckling, and form periodic waves (centraves, (DireC“O”

edge waves...)If strip tension is high enough to maintain
the strip flat (i.e. avoid buckling), residual stses are pre-
sent. When the strip tension is relaxed, or theetsksecut,

Fig. 1 Schematic view of flatness defects. Note referdrarae.
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If defects are only latent, the stress field coragube-
yond the bite by e.g. a 3D FEM model should be eaxirr
Buckling upon unloading the strip tension can therdealt
with in an uncoupled way, transferring the stresstgpn
computed by the rolling model into a buckling ($heb.)
model. The latter then tells if the critical comalits for
buckling are met, and in this case computes positing
wavelength and defect amplitude.

spect to a step length parameter, up to a truncatiderp.
This series is inserted in the non linear equatiohshe
problem, the different orders are identified, giyim linear
systems with the same stiffness matrix, and thet4tignd
sides of which are computed from the solutionsoater
orders. They modeled both on-line shape (undep stm-
sion) and relaxed shape, once strip tensions dieved,
whereas the previous papers dealt only with therlat

However, it is well known that buckling completely Counhay&was the first to question the decoupling of the

transforms stress fiel(ds the local stiffness drdpsmati-
cally). Therefore, if defects are manifested om-l&s is most
of the time the case for very thin sheets, thetgwiicoming
out of the 3D rolling FEM will be completely irrelant
beyond the bite. The question of the impact of 8tigss
reorganization on the strains and stresg#dn the bite has

rolling and the buckling model. Indeed, bucklingsse limit
to the allowable compressive stresses: whereveklihgc
occurs, the loss of rigidity changes the stresallp@and as
the stress field must be re-equilibrated, globanges re-
sult. This thorough stress rearrangement on the hamel
guestions the stress fields obtained from thenglihodels,

been raisedd, with the conclusion that to the possible excepon the other hand might have an impact even onitén-b

tion of temper-rolling, the feedback effect is vamall: the

post-bite stress rearrangement is screened byrtiiediate

bite exit area were complex velocity profile chamdeke

place in the elastic regime. The present paper igean
other relevant questions, such as the set up tokfla actua-
tors (WRB) or the effects or of usual model simpéfions

(isothermal versus thermally coupled).

2. BRIEF LITERATURE SURVEY

A number of uncoupled techniques have been predénte
the literature. Bush et aland Fischer et dluse the standard
solution by Timoshenko and Woinovsky-Kriegesf von
Karman’s equations for a rectangular plate, assgreinu-
soidal waves in both x and y directions. They edtieno the
complex fields of strip rolling (buckling under resal
stress). In Bush et &l, only right/left symmetric waves are
addressed. But real waves are often anti-symmaettiéch

stress and strain fields, or on roll deformationstrongly
coupled cases. Therefore, Counhaye used an appsoac
lar to Roddeman et &.considering buckling as one more
strain rate component, present only in the outis-areas,
to be added to the elastic / plastic strain ratmdgosition.
This extra strain rate represents the local shimgeonf a
material segment when it becomes wavy due to bugkli

3. MODELS
3.1 Sheet Rolling model Lam3/Tec3

Based on the discussion presented above, the prespeer
introduces two algorithms coupling buckling andling
models. The rolling model is Lam3/Tec3, a 3D stripll
stack deformation software described in Hacquial &t
The strip deformation is dealt with by an impliEEM with
a velocity formulation using P1-discretisation axahedra.

Fischer et af. allow by taking the transverse shape to ben steady state formulation based on streamlines is imple-

either an odd or an even polynomial in y, while aéring
sinusoidal in the rolling direction.

Only the longitudinal stressog) component is used in
these papers. Moreover, the type of defect (cemtredge

wave) is determinea priori from the shape of the stress
profile, andad hoc clamping boundary conditions are ap-

plied to get it in the end. Yukawa et‘address more com-
plete configurations using shell FEM, again withnan-
coupled approach. The bifurcation point is detecsdhe
load parameter making the second variation of titel t
elastic strain energy (or stiffness matrix) noniméd posi-
tive. Post-buckling is computed by introducing aafinde-
fect corresponding to the mode, the load step beony
trolled by a modified Riks method.

mented. This requires integrating EVP constitutegua-
tions along streamlines determined from the vejofidld.
A heterogeneous time step strategy called ELDTHbUdeas
introduced®.

The roll stack thermo-elastic deformation modebased
on advanced beam theory, Boussinesq solution oéla h
space under general loading, and Hertz contact améch
This model is discretized by an influence functimethod,
resulting in a system of equations in the rolldigody dis-
placement, contact line displacement field and actnpres-
sure profiles at work roll / back-up roll and waKl / strip
contact. This system is non-linear due to unknowantact
lines. It is therefore solved by Newton-Raphsonhoet

Both strip and roll temperatures are computed bPSU

Abdelkhalek et al. maximize the load step and decreasgStreamline-Upwind Petrov Galerkin) FE schemes. §thip

the computational burden by managing the loadiegssby
the Asymptotic Numerical Method (ANM) (Zahrounia&t’,

Boutyour et af). It consists in developing the solution (dis-

placement and load parameter) in a power serids rgit

model is 3D; the roll model is a combination of @i®) and
(r,z) models coordinated by an influence functiechnique.



3.2 Simple buckling model embedded in Lam3/Tec3

3.3 Staggered coupling of Lam3/Tec3 and ANM

The model proposed by Counh&yas been implemented in The second model is the Asymptotic Numerical Method

Lam3/Tec3 by Abdelkhalék Initially proposed within the
membrane theory framework, it forbids the appeaafca
negative stress: everywhere compression is aboatdar,
the structure buckles, bringing the stress ba@krtmst zero
by providing a stress-free alternativeetastic shortening of
a material line. The following critical conditiorae intro-
duced:

A, 0, =0
fi,.0.i, >0 (1)
f,.0f, =0

wherefi, and f,are the directions of the principal Cauchy

stress tensor in the buckled structure (hencehing eéqua-
tion). This means that when a tension is applied direc-

(ANM) described above in the non-coupled contexdresl it
is coupled in a staggered scheme with Lam3/Tec8ullA
Lam3/Tec3 simulation is run, until all iterationolzss come
to a converged solution. Then, the post-bite stfiedd is
interpolated on the shell element mesh of the ANNMKting
model. The six components of the stress field mayréns-
ferred, starting at the very edge of the bite, wherall pre-
vious models used only the stabilized stress fielohdreds
of mm after bite exit. It is quite important to mive this
very complex bite vicinity area, where strong stregsadi-
ents exist, the impact of which must be clarified.

After this transfer step, a buckling and post-binkl
analysis is performed by the ANM, changing thesstrigeld
in the post-bite part of the system. This migheeifthe exit
line of the bite, which is the upstream edge of shell
mesh. This is considered as a novel boundary dondin

tion (heren, ), the membrane is stiff; if the stress becomeghe 3D FEM computation of strip and roll deformatidts

negative, it gets slack and in fact, the correspanstress is

mesh is truncated at bite exit, and the abovemasdio
modified boundary stresses are applied. Lam3/Tecur

put to O (directionfi,). The essence of the model consists inagain in this new configuration, giving a slightiyodified

determining an extra deformation which elasticdilyngs
the stress in the buckled direction back to 0.dyre inter-
preted as the shortening of a material line dusutkling of
the structure. This is more or less analogous &stiet
plastic decomposition, but is activated only outtlod roll
bite, i.e. where bucklings allowed to occur:

Ae = Ae® +Ae™ 2)
whereAg®is the elastic andAe™is the “buckling strain”
increment. Plane stress is assumed out of bite.

The extra deformation representing buckling is com

puted in the principal axes, then transported ¢oréfierence

frame. Letd,, i = I, II, be the principal components of this

extra strain. It is deduced from, i = |, Il as follows:

Ai:M i=1,1 4
E

Moving back to the reference frame, the bucklingist
increment is added to the global strain incremenarfd v
are the two in-plane incremental displacemeftds the
angle between principal and reference frames ipliuee of

the strip,v is Poisson's ratio and E is Young's modulus):
Ag, = g—u +, cos 8+4, sin*8
X

ov

Acg,, =a—+)lII cos 8+, sin’ @ (5)
y

_1({du  ov
512_2 ——t

= J+A” - A /|cosfsing
dy O0x

v
Dgy, =——— (g, + €
33 1—V( TREY))

This strain increment replaces the standard onerfeed
the module which solves the constitutive differengqua-
tions.

strip and roll deformation and stress pattern. Befgoing
back to shell buckling, a new stress field mustbmputed
in the post-bite area: this is done using anottend/Tec3
simulation, on a complete mesh this time, usiny ¢tm last
deformed roll stack (but with a “rigid stand” optjo This
puts an end to the corresponding iteration of taggered
scheme, and the whole procedure is repeated wntiler-
gence. In fact, coupling of bite and post-bite arkas been
found weak, convergence is always reached at tird th
global iteration at most.

This is a somewhat complex, manual scheme, intinduc
possible information loss during transfers. Theaadage is
that the buckling model is highly powerful and ablie.
Moreover, it is able to predict the shape, i.e.wlawelength
and amplitude of any kind of flathess defect. Tpinevious
one (section 3.2) can just predict the type anatlon of
flatness defects, but suggests their severity eatly and
qualitatively only.

4. ROLLING OPERATION INVESTIGATED
4.1 Definition of rolls, material, strip dimensions

All examples shown hereafter refer to the saménglbass,
the last stand of a tinplate sheet mill, with véosw thick-
ness. All the characteristics are given in Tabld¢ofether
with the stress-strain curve:

0, = (4705 + 1754.)x (L~ 045.exp(-89F)) - 175 (MPa) (6)



Table 1.Characteristics of investigated rolling pass.
Strip width 855 mm
Strip thickness| 0.355 mm
(strip crown) | (4.81 %)
Exit thickness | 0.252 mm
Rolling speed | 22 m/s
Front / 100 MPa /
back tension | 170 MPa
Type of mill 4-high
diameter WR | 555mm
diameter BUR | 1300mm
Length WR 1400mm

& 555 mm
© 343 mm

Length BUR | 1295mm

WR crown 0.0322%  stip

BUR crown No crown T ——
WR bending | 4.8 MN / £ g
force / position| y = 1010 mm | 2 b4
Scre_w fc_)rce y = 1075 mm X

application ;

Friction law | 7 =0,03x0, Lodolimm

Young's mod. | E =210 GPa
Poisson’s ratio| v = 0.3

4.2 Impact of buckling being accounted for

With a reservation for very small reduction (tempalting),
it has been found that this rearrangement of outitef
stress has significant impact neither on strain atrdss
fields in the bite, not on the roll loads and defatiort?.
Neglecting buckling is therefore licit if only tHeehaviour
of the bite is to be described.

200 ===
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1 A Y
T ] A
g -200 4 v
~ g e}
X ]
& -400 !
%) ] :
-600 1 m  Exp. (stress-meter roll) :
1 Model, with buckling .
-800 4 = = = Model, without buckling '

0 50 100 150 200 250 300 350 400 450
Y (mm)

Fig. 2 Comparison of the experimental and numerical teglt
shape-meter roll position).

However, the “residual” stress field in the stripthen
completely wrong as shown in figure 2. The measerém
(dots) show an almost flat stress profile (at tbales of the
drawing). FEM without buckling gives enormous cosgpr
sive stresses on the edge, due to a very largeyation
gradient connected with roll flattening and the ediyop
defect (see figure 3). This very high compressitvess is
compensated for by a high tensile stress in th&eesince
the resultant must be equal to the sheet tensime.faVhen
buckling is accounted for, the computed stressilprobmes

close to the experiments. More details can be found
previous papéf. Therefore, for out-of-bite stress and com-
parisons with stress-meter measurements, accouffibing
buckling is essential, at least for thin strips.

5. FRICTION-SENSITIVE SETTING OF WRB

5.1 Impact of friction on roll deformation
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Fig. 3. The impact of friction on roll load transverse distition
(top), roll deformed profile (middle) and strip ¢hhess profile
(bottom). The WRB force is fixed here, 482 kN.



Work Roll Bending (WRB) is a typical sheet profiéend
flatness actuator: by applying a torque opposethéocon-
tact stress moment, rolls are brought closer tar thest
shape. This is a more flexible actuator than elyj.crown,
which is chosen and fixed for a whole roll mountifigne
WRB force can be controlled by monitoring the strpso-
file by the stress-meter roll, to answer variatiomsolling
conditions. Such variations often come from frintievhich
may fluctuate due to (i) progressive roll roughnessar
from coil to coil and (ii) accelerations and decat®mns at
coil beginning and end. It has been proved to irmgaip
profile after cold rolling® the effect of a parabolic variation
of friction in the transverse direction has beealeated”. It
is therefore important to quantify the effects ofls friction
variations.

Figures 3 and 4 illustrate a parametric study winefec-
tion varies between p = 0.01 (slight skidding) and 0.035.
The impact on roll deformation under a WRB force-482
kN is first shown. Low friction gives a low rollinigad, and
moderate roll deformation. The shape of the WR gene
therefore mainly corresponds to counter-bending thog
WRB force. At p = 0.035, the rolling load is verygh
(compare the WR load profiles), so that roll kiscurs
(WRs touch each other on either sides of the stfije
resulting strip thickness profiles show small diffieces (a
few um), however very important in terms of residsteess
and flatness. The latter are pictured in figureud= 0.01
gives strong tension on edges and slack centrey(wem-
tre), whereas the stress profile is most flat when 0.03,
leaving just a few mm of slack metal near the edgéh a
probable small size wavy edge there.

600
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—+=u=0.015 - Bending force=482KN
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Fig. 4 The impact of friction and transverse profile tfsstress
(latent flatness defect). The WRB force is fixedehel82 kN.

5.2 Impact of work roll bending force at fixed p

Now, the WRB force is varied at constant u = 0.(fRfure
5). The very high WRB force (900 kN) again givelow,
yet positive, stress in the centre, which will pably result
in a wavy centre, at least after tension is caadellThe most
flat stress profile turns out to be for WRB = 350.k

— — Bending force = 350 KN n "

Bending force = 482.549 KN =

=—Bending force = 900 KN

oxx (MPa)

I
o

N
o

0 T T T T T T T T
50 100 150 200 250 300 350 400 " 450

-20
Transverse coordinate y (mm)

Fig. 5 The ox(y) stress profile for varying bending force
and fixed friction coefficient (1 = 0.025)
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Fig. 6 The relationship between friction and optimal begdiorce

Finally, figure 6 summarizes the bending force fbtiop-
timal” for each value of the friction coefficierite. giving
the most flat stress profile “by eye”. This grapiveg an
idea of how to pre-set the WRB force as a functibmary-
ing friction, in the present rolling operation cdiffle 1.

6. IMPACT OF TEMPERATURE FIELD

At bite exit, temperature is much larger at theestltan in
the centre (figure 7), about 165°C versus 110°Qs Ehdue
to larger reduction and plastic heating (see fi@)reDue to
the corresponding differential dilatation, the st&repattern
could be affected. A series of simulations hasetoze been
run with the coupled buckling model of section 3vizh roll
temperature calculated at steady state (i.e. afteng roll-
ing time).

The isothermal case is taken as a reference. Isebend
case, the strip is allowed to cool after bite exider the
effect of the strip cooling system, withdsl = 5 kW.m2K™
for heat transfer coefficient (HTC); strip - rolbmtact is

kept adiabatic (K, = 0). Temperature increases in the roll

bite and slowly decays afterwards (remember 4 @05 s).



In the third case, the roll - strip interface ipnesented by

However, the temperature difference between stiligee

Hor = 100 kW.n.K ™. The temperature increase is less inand centre is very similar in all 3 cases, 40 tt(5@Figure 8

the bite, cooling is similar to the previous caBmally, in
the fourth case, &o = 5 kW.m?.K™?, Hoi = 100 KW.nF.K™,
but rolls are moreover cooled efficiently by waserays, so
that strip temperatures are significantly lower.

—>— Air cooling, centre
X Air cooling, edge
—+— Air + contact cooling, centre
+ Ait+contact colling, edge
—*— Cooled rolls, centre
X Cooled rolls, edge
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Fig. 7 Effect of thermal boundary conditions on central adge
longitudinal temperature profiles in the rolledigtrTop: long
range post-bite evolution. Bottom: detail of pladtieating in the
roll bite.
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Fig. 8 Effect of all thermal boundary conditions on longiinal
stress transverse profile,(y).

shows that these temperature differences, evehenisb-
thermal case (T = 25°C everywhere), have negligibfact
on the stress pattern once relaxed by edge buckling

7. DOES THE EDGE DROP DEFECT ENHANCE
WAVY EDGE FLATNESS DEFECTS?

As seen above, the edge is significantly thinnemtithe
centre (in the case studied, central thicknese fixed at
0.252 mm by a supposedly perfect gauge controésydbut
it may drop to 0.18 mm on the edge). This mearss rigsd-
ity against buckling of long edges as is the case.h

Rolling direction
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15
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Fig. 9 Effect of edge thickness on relaxed strip shapaciBlthe
edge drop defect is taken into account; grey: thp thickness is
homogeneous.

To examine the effect of this, two simulations h&een
run with the ANM model (section 3.3), starting froume
same residual stress map issued from the FEM gattindel
— without buckling. The computation is isothermaith p =
0.25 and WRB force = 480 kN. 1200 mm of strip hbeen
modeled by a shell mesh, with symmetry for thepstantre,
a simply supported edge and a clamped bite exist,Rhe
100 MPa strip tension is applied on the fourth séohel
buckling is calculated. Then the tension is elirtedapro-
gressively. The final strip geometry is picturedfigure 9.
The wavelength is slightly shorter when the edgenise
flexible, i.e. the geometric edge drop defect ketainto
account. However, the two shapes are very simdad, it
can be concluded that the effect is quite smalhdwnethis
“favorable” case (low overall thickness, high eddep
defect).

8. CONCLUSION
Two different models of buckling leading to flatsedefects

have been presented. The first one (section 3\&ris sim-
ple and deals with buckling at material point (mité ele-



ment) level, which is questionable; but it is stglyncoupled
at constitutive equations level, which has beerwshto be
important for precise residual stress predictitmgeometri-
cal predictions are indirect and non-quantitative Becond
one (section 3.3) has the inverse characteristids: very

precise and rigorous, it gives precisely and qtetitely the
strip shape, but the rolling / buckling couplingrieaker and
more tedious.

The main outcome of the present paper is to shaiviibth
models can be applied to practical questions contgr
flatness in rolling. In-bite stress and strain aot affected
by post-buckling stress rearrangement, but theduesi
stress is in case of manifested defects, whicha#rest
always present on line with very thin strips. Thesults
presented above suggest that for cold rolling,hibteroge-
neous temperature field does not change significahe

stress pattern, which is dominated by the rearraegé of
the stress field as the elastic strain recovergdgiace in
the post-bite area.

It has been shown also here that friction has graanon
reduction profile through roll load distribution chmoll de-

formation, and this strongly changes residual stdéstribu-
tion when thin strips are dealt with. For a givearkvroll

bending force, just changing friction may turn thkeip

shape from flat to wavy edge to wavy centre. Coselgr
for each level of friction, an “optimal” WRB forcis pre-
dicted.
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