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Abstract

In order to save material yields in cold rolling process, ttesis aims at developing a predictive width variation
model accurate and fast enough to be used online. Many &fiegan in the 1960s in developing empirical formula.
Afterward, the Upper Bound Method)BM ) became more common. [Oh 1975]'s model with 3D "simple" eiio
field estimates well the width variation for finishing millliiag conditions. [Komori 2002] proposed a combination of
fundamental ones to obtain a computer program dependingnally on the assumed velocity fields. However, only
two fundamental fields were introduced and formed a substhiedfsimple” family. [Serek 2008] studied a quadratic
velocity family that includes the "simple” one and leads éttér results with a higher computing time.

Focusing onUBM , the first result of the thesis is a 2D model with an osciligtirelocity field family. The
model results to an optimum velocity that oscillates sfigttaroughout the roll-bite. The optimum power and the
velocity field are closer tham3-TecJesults than the "simple" one. For 3D modelling, we chose3é'simple”
UBM and carried a comparison to the experiments performed atléndittal using narrow strips [Legrand 2006].
A very good agreement is obtained. Further, a n¢éBM model is developed for a crowned strip with cylindrical
work-rolls. It shows that the width variation decreases dsnation of the strip crown and the results match well
those ofLam3-Tec3 However, theUBM considers only a rigid-plastic behaviour while in largdpstolling, the
elastic and thermal deformations have important impacttherplastic one. There exist some models considering
these phenomena [Counhaye 2000, Legrand 2006] but theyl dirmexconsuming. Thus, the idea is to decompose
the plastic width variation into three terms: total, elasthd thermal width variations through the plastic zone that
are determined by three new models. The simplified roll-bitey & exit models allow estimating the elastic and
plastic width variations before and after the roll-bite eJlgive equally the longitudinal stresses defining the bamd
conditions for the roll-bite model which is indeed the 3Dmipie" UBM approximating the total width variation term.
Moreover, with the plastic deformation and friction disgipn powers given by the same model, the thermal width
variation term is also obtained. The width variation modzilled UBM -Slab combineds very fast (0.05s) and
predicts accurately the width variation in comparison wi#m3-Tec3<6%).

Résumé

Dans le but d’optimiser la mise aux milles au laminage a frisithése consiste a développer un modeéle prédictif de
variation de largeur a la fois précis et rapide pour étrésatile en temps réel. Des nombreux d’efforts ont commencé
en 1960s en développant des formules empiriques permdtestimer la variation de largeur au laminage. Mais par
la suite, la Méthode des Bornes Supérieures (MBS) est devamlus connue grace a sa simplicité et efficacité. A ce
sujet, il sera un manque de ne pas parler de [Oh 1975] avealahe vitesse 3D "simple", [Komori 2002] avec une
méthode de combinaison des champs de vitesse et [Serek@@@8 champ de vitesse quadratique.

En approfondissant la méthode, le premier résultat obtans th thése est un modéle 2D (MBS) avec des champs
de vitesse oscillante. Ce champ de vitesse particulier atehales résultats (puissance, vitesse...) plus proches de
ceux deLam3-Tec3jue d’'autres champs de vitesse étudiés dans la litératorg. Ude modélisation de variation de
largeur, j'ai choisi la MBS avec la vitesse 3D "simple" eteini un trés bon accord avec les expériences réalisées
sur des produits étroits a ArcelorMittal [Legrand 2006]. @&rire, un nouveau modéle MBS est développé pour une
bande bombée et des cylindres droits. Les résultats mamuenia variation de largeur diminue avec la bombée de
la bande et correspondent bien a ceuX.dm3-Tec3 Cependant, la MBS admet un comportement rigide-plastique
tandis qu’au laminage des bandes larges les déformatiasgtle et thermique ont des impacts importants sur la
déformation plastique. Afin d’obtenir un modeéle rapidejde a été de décomposer la variation de largeur plastique
en trois termes: les variations de largeur totales, élastaj thermique et les déterminer par trois nouveaux modeéles
simplifiés. Les deux premiers permettent d'estimer lesatiams de largeur élastique et plastique en amont et en aval
de I'emprise. lls donnent aussi les conditions aux limitemadéle d’emprise qui est en effet la MBS avec le champ de
vitesse 3D "simple" permettant d’estimer la variation diatgeur totale. En outre, avec les puissances de défonmatio
et de dissipation plastique de frottement données par leeméodeéle, la variation de largeur thermique est également
obtenue. Le modéle de variation de largeur est donc appe3éé-8lab combiné, treés rapide (0,05 s) et prédit avec
précision la largeur de variation par rappottam3-Tec3<6%).
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Long abstract

Objective

Cold rolling of flat products is nowadays one of the main fargyprocesses in metallurgical industry. The process
geometry seems simple but its control requires the undetistg of intricate thermo-mechanical aspects. In coldngll
process, due to the reduction in thickness the strip widdise changed. It is observed that in most of the cases the
strip width decreases. And this width variation an be up teetiban 10mm while it is not predicted in the production
plants. By consequence, the plants produce usually anvaidéin-in order to ensure the customer requirement and this
over-width leads to an important over-cost of the produrctio

One solution to reduce the over-width consists in using diptiee model of width variation for each process in
general and for cold rolling in particular. Such a model desibo determine the necessary width at the entry of cold
rolling process to produce the required width. However,abher-width is not eliminated. It is still necessary to take
an over-width due to the uncertainty of the model. Thereftbire more accurate the model the lower the unavoidable
over-width. That means, even with a predictive model thelpation is set up to get an over-width in most of the
cases and an under-width otherwise. In addition, productgigied by hot rolling mill have usually different width
in comparison with what the cold rolling mill requires andsdries all along the product. It is, thus also benefiting to
adjust online the width in cold rolling process by varyingreorolling parameters. For these reasons, the thesis aims
at developing a predictive width variation model for coldling process which is accurate and fast enough to be used
in real-time production.

Bibliographic reviews

2D simplified models in literature

In the beginning of the 20th century when the computer seieration had never ever existed, there were many
efforts to develop analytical rolling models. The two faradamilies of models are slab method based on the well-
known equilibrium equations pioneered byl in 1925 and Orowan’s theonBf] considering the inhomogeneity of
stresses across strip thickness. Around the 1950s, sietpiifethods were introduced in order to take into account the
strip elastic deformationlfg, 17] before that Cosse2[7] proposed the first complete elasto-plastic model in 1968.

In parallel with the developments of models for strip defation, there exist equally divers models for the work-
roll deformation. The very first one, Hitchcock’s modéb] considers that the deformed work-roll remains circular
with a higher diameter. This model is still used today by adéanumber of models for industrial rolling preset. It is
modified in 1952 by ]7] to take into account influence of the elastic deformatiaaar Later, in 196()] proposed to
determine the deformation of each point on the surface ofdlhéy a sum of influence function of each finite element
with a specific pressure distribution. The method approseakeurately the work-roll profile. Fleck and Johnsaf [
investigated on thin strip rolling and were the firsts whosidar the existence of elastic deformation areas inside the
roll-bite (the strip deformation is elastic and plastieatatively) as well as the existence of a neutral zone idstéa
a neutral point previously. This model is a significant pesgrto approach rolling process of very thin strip such as
packaging products.
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With variation models in literature

Concerning existing models of width variation in rollingogess, important effort began in the area of the 1960s
in developing empirical formula to predict the width vaiget - [115 104, 43, 14]. Afterward, with the appearance
of computer science there existed many analyses Ui for flat and shape rolling such ag7, 78, 54] where the
shape and the spread are predicted &efhWhere a complete thermo-mechanical solution could bedolmorder to
reduce the computing time certain authors, based on therlBmend Method UBM ), developed numerical method
for integration which is similar t&-EM , [58, 1]. The UBM became more and more common to approach the width
variation problem thanks to its simplicity and rapidity. dddition, unlike the empirical models mentioned above, the
UBM is physical and fully predictive.

2D UBM models for rolling process

As for UBM , that is an extremum principle for perfectly plastic sofidsnulated by §1] which states that among
all kinematically admissible strain rate fields the actua eninimizes the potential power. This method is largely
used to obtain approximate solution to forming processeblpms. By nature, theBM result depends strongly on
the choice and the construction of velocity fields. In theréiture, there exist two categories of velocity fields. The
first one considers rigid bodies motions (called also stipd) and the second one includes continuous velocity fields
to model the plastic deformation zone. In 1973, Johnson aaloM[51] analyzed strip rolling by the unitriangular
velocity field based on the curvilinear triangle, openingearavenue of approach for ttBM . In 1986, Avitzur and
Pachla [L0] introduced the concept of neighboring rigid body zonesolthivere applicable to strip drawing, extrusion,
forging, rolling, drawing, cutting processes. Camurri dravanchy P2] developed in 1984 a velocity fields with
multitriangles slip lines. This model has been reanalyzaed\itzur, Talbert and Gordonl1Z] by using the concept
presented inJ0]. With multitriangular velocity field, the meaning of theuteal region becomes evident. That is one
of triangular regions that rotates with the same rotatiom&dcity as the work-roll. This model allows improving the
optimum power but the resolution of optimization problencdi@es however much more complicated in comparison
with the unitriangular one.

On the subject of continuous category, around 1963 Avitau6, 7] proposed the "eccentric” velocity field. The
author defined the arcs connecting any two symmetrical pantthe opposing rolls. These arcs are eccentric and
each one meets the roll surfaces at right angles. The wlotgach material point on an arc is on the direction of
the its radius. With this velocity field, Avitzur obtained analytical solution to the power optimization problem by
assuming small angle approximation. In 2001, Dogruoglij based on flow function concept, introduced a method
for constructing kinematically admissible velocity fielg pre-assuming the form of the flow lines. In one of his
applications, the flow lines are chosen being "ellipticait &&d to an optimum power that is smaller (better) than that
obtained by the eccentric velocity field. Later, Bouharaaundal [18] by assuming that a material cross section stays
vertical all along the roll-bite (equivalent the slab meattassumption), obtained a velocity field called "simple".one
In the present thesis, we demonstrate that this field andllipaal one are exactly the same in the case of circular
work-roll.

Rigid-plastic 3D UBM models for prediction of width variation

In 1975, Oh & Kobayashig3] are two of the pioneers who applied thd®M to 3D rolling process analysis. The
authors supposed a 3D "simple" velocity field which is in thalagy of the 2D "simple" one. The longitudinal velocity
is constant on an across section and the vertical and lateladities are linear in the thickness and width directions
correspondingly. In 2002, K. Komorbp] proposed to represent the velocity field as a linear contininaf predefined
fundamental ones. With this new method of analysis, thectra of the computer program depends minimally on
the assumed kinematically admissible velocity fields. Menedess, it is not so easy to propose fundamental velocity
fields. In the article, only two fundamental fields are memtid for demonstration. Moreover, in the present thesis, we
brought out that Komori's velocity field5H] is indeed included in the "simple" family. Later, Seréld] proposed a
method for constructing kinematically admissible velpdields by means of Dual Stream Function (DSF). This DSF
was introduced by[17] allowing to express the three velocity components as fanstof two scalar fields and the
incompressibility condition is satisfied. The rigid plastioundary at the inlet zone is quadratic instead of a plane
section by the "simple" velocity field. The results obtaiffienn the analysis are compared with experimental results
and a good agreement is found confirming tH&M efficiency to approach the width variation in rolling.
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Achievements

2D UBM analysis and oscillation phenomenon of mechanical fields molling process

As mentioned above, Dogruoglu’s method allows determiniregvelocity field based on the predefined stream
lines. However, it is very difficult to imagine a very good azaimplete flow lines. For this reason, until today, except
circular and elliptical flow lines, there does not exist attyaw imagined flow lines pattern to approach rolling process
In the chapted we presented a method for constructing kinematically asilis velocity fields based on the DSF
method. Any kinematically admissible velocity field can beeg as the sum of the "simple" (or elliptical) one and
an additional term. By observing that the equations of kiatrally admissible conditions of the additional term
are closely similar to the wave propagation ones, we prapassew family of "oscillating” velocity fields. Further,
applying theUBM to this new velocity family results to an optimum velocityathoscillates spatially throughout the
roll-bite with pseudo-period equal to the local strip thielss. The rolling power obtained with this oscillating \aityp
field is smaller than the one with the simple (elliptical) a@ty field. The results of this model match very well
those obtained bizam3-Tec3n terms of velocity field, plastic deformation zone and flamek. As a result of the
UBM model as well akam3-Tec3 the mechanical fields heterogeneity is non-linear, gsiasisoidal across the strip
thickness. Whilst this heterogeneity remains little irtigested.

Rigid-plastic 3D UBM model for flat strip

Applying the method proposed in the chapteany 3D velocity field is also composed of 3D "simple" one and an
additional term. The characteristics of this additionattare analyzed. Nevertheless, in order to keep a fast cangput
time of the power optimization resolution, we carried o gtudy of width variation using the 3D "simple" velocity
field. The integrations are done using Gauss's method allpwaccelerating the computing time. A comparison with
experiments has showed a very good coherence. These erp&ihave been performed in ArcelorMittal pilot mill
with relatively narrow stripsi(, ~ 60 — 70mm).

In addition, with this 3D "simpleUBM model, an analysis has been realized and pointed out thet effeolling
parameters on the strip width spread. As results for a nastopy the width spread increases strongly with an increase
in the reduction and falls down exponentially as a functibthe strip entry width. It grows almost linearly as the roll
radius increases and decreases with an increase in theogrexyt tensions. These results are coherent with existing
works in the literature.

Rigid-plastic 3D UBM models for crown strip

Some studies using a mixture of analytical and numericahods [LO9, 73, 3, 30, 29 pointed out that for thin strip
rolling, the spread is small. Nevertheless, these studiesed out that the exit thickness profile of the strip (clgsel
linked to the strip flatness) can influence the strip latepedad.

Interested in this phenomenon, a neBBM approach is developed for cold rolling of strip with initilickness
crown while the work-roll is considered rigid and perfeatifindric. First, an analysis is proposed to study kinemat-
ically admissible velocity fields in supposing some hypst®e As the geometry of the strip is more complex than
the case of flat strip rolling, the roll bite is divided inta¢e areas in which the velocity field is different. The model
shows that the width variation decreases with an increaeistrip initial crown. These results match very well those
obtained withLam3-Tec3 Moreover, as can be noted, the strip crown increases tipeisitkness reduction is higher
at the strip center than at the edges that leads to a flatngsg delled "center wave". Thus, the more the strip crown,
the more "center wave" and the smaller the strip spread #méeen be negative (necking).

UBM - Slab combined model to predict thermo-elasto-plastic with variation in industrial conditions

As previously seen, theBM model for flat and crowned strip in rolling process match viledl experiments on
pilot mill as well asLam3-Tec3 However, it is worth to highlight that thedBM assumes a rigid-plastic behavior of
the strip that is justified for narrow strip rolling becauke €lastic width variation are negligible. On the opposite,
automotive industrial rolling condition the strip is larged the elastic width variation which is proportional to stiep
width is no longer negligible. This elastic deformationésersible but it has important impact on the plastic one. In
addition, friction and plastic deformation powers heathup strip. The material is, thus dilated in the width direstio
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but it can not because of the contact friction with the rolaTcreates compression plastic deformation - called tAlerm
contraction. After a bibliography review a new width vaigat model for online applications is developed taking into
account the effects of elastic and thermal deformationgldition to the width variation oUBM for flat strip rolling
mentioned above.

An analysis ofLam3-Tec3imulations about the impact of elastic and thermal deftiondeads to a conclusion
that the elastic deformation as well as the thermal dilatadif the strip in the roll-bite create a plastic deformatidn
a same amplitude but with an opposite sign. By consequemeg|astic width variation can be decomposed by three
terms: the total width variation in the roll-bite, the elasind the thermal width variations between the first and last
points of plastic deformation. In order to determine thésed terms, we develop simplified models for the entry, exit
and inside the roll-bite as follows.

Simplified models for the entry and exit of the roll-bite: By assuming a homogeneous stress in thickness as the
slab method, new simplified models are developed and allapproximate the solution of strip deformation before
and after the roll-bite. In other words, the models give wsgpring back width variation at the roll-bite exit and the
compression width variation at the entry. They give equafiyapproach of longitudinal stress just before and after the
roll-bite area defining the boundary conditions for the-tote model.

Simplified model for the roll-bite:  Thanks to the understanding of the impact of elastic andrtabdeformation,
the total width variation in the roll-bite is estimated @a® the rigid-plastic width variation. This term can be,ghu
determined by the rigid-plastidBM with 3D "simple" velocity field developed in the previous pler. The boundary
conditions (longitudinal stress tensor) at the roll-bitérg and exit are given by the roll-bite entry and exit models
instead of entry and exit tensions initially imposed. Moo as the plastic deformation and friction dissipation
powers are also determined by this model, the increaseipftsmperature and the thermal width variation term are
therefore determined. The width variation model is henammeted. This simplified thermo-elasto-plastic width
variation model is called theBM-Slab combined model

Fast computing time enables online applications: As the model for roll-bite entry is completely analytical
and the exit one is quasi-analytical, the main computing tisrelated to the roll-bite model - the rigid-plasti@M
. Thanks to the analytical development of the powers contiputdhe total computing time of the width variation
model (in C++) is less than 0.05s (CPU: Intel Core 15-420000)@Hz) enabling online applications such as preset or
dynamic control.

Good prediction width variation: A comparison between the UBM-Slab combined model bach3-Tec3s
performed and a very good agreement is observed. The tatstiplwidth variations obtained with the two models
are very closed (less than 6% for stands 1, 2 & 3 and about 10%éolast stand making very small reduction).
Finally, the UBM-Slab combined model allows studying thittiance of rolling parameters not only on the final width
variation but also on each contributing terms (roll-bitelihi variation, elastic or thermal deformation contribngd
for a deeper understanding. The results match really welldhdencies observed in industrial data presented by some
studies existing in literaturesf].
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Symbols
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NOMENCLATURE

Nomenclature

Meaning

Poisson'’s coefficient of the roll and the strip
Young modulus of the roll and the strip

Strip half thickness before and after the roll-bite
Absolute thickness reduction

Relative thickness reduction

Strip half thickness before and after roll-bite if there sgiress in the strip
Strip half thickness function in the roll-bite

Strip half width before and after roll-bite if there is noests in the strip
Strip half width before the roll-bite

Strip half width function in roll-bite

Strip cross section before the roll-bite

Strip cross section in the roll-bite

X-position of entry and exit section

x-position of the neutral point

Strip half thickness at the neutral point

Position angle

Position angle at roll-bite entry and at neutral point

Strip velocity before the roll-bite

Peripheral velocity of the roll

Entry and exit tensions (N)

Entry and exit average stress (Mpa)

Entry and exit adimensional average stress

Work-roll initial and deformed radii

Coulomb and Tresca friction coefficients

Strip yield stress and shear yield stress

Contact normal pressure (positive value by convention)
Contact shear stress - friction stress

Material volume flow rate

Contact length

Roll force by an unit of width (N/mm)

Forward slip (%)

Roll torque by an unit of width (N.mm/mm=N.m/m)

Vector of displacement and vector of velocity

Stress tensor

Strain and strain rate tensors

Power consumed by friction

Power consumed by plastic deformation

Power consumed by plastic deformation in the continuousoigi zones
Power consumed in the surfaces of discontinuity of velocity
Power of entry and exit tensions

Total power

Surface of velocity discontinuity at roll-bit entry and exi

3 Direction coordinates : longitudinal, lateral and veatic
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Chapter 1

Width variation problematic in steel rolling

The present chapter is an introduction to the subject of iesis. In the first two
sections the steel production route is presented brieflyat Points out where hot
and cold rolling processes are found, clarifies their roleslaeason for existence.
The third part presents the width variation problematic ire twhole production
route and the importance of predictive models for the seftipeostrip width during
its production. The material yield caused by over-widthis main issue for what
a rapid and predictive model of width variation in cold ralf is developed. That
is the goal of this study presented in the fourth section @tcthapter together with
the development methodology. In the last place, the fiftiosedemonstrates the
structure of the thesis.

Contents

1.1 Introductiontosteel . . . . . . . . e 2
1.1.1  Steelapplications. . . . . . . . . . e e 2
1.1.2 Steeland metallurgy history . . . . . . . . ... 2

1.2 Typical steel productionroute . . . . . . . . . . . 3
1.21 Liquidsteel. . . . . . . e 3
1.2.2 Secondary metallurgyandcasting . . . . . . .. ... 7
1.2.3 Hotrollingplant . . . . . . . . . 8
1.24 Coldrollingplant . . . . . . . . e 10

1.3 Width variation problematic in cold rolling process . . . . . . . . . ... L. 15
1.3.1 Industrial observation. . . . . . . . .. 15
1.3.2 Width specification using predictionmodels . . . . . . .. ... ... ... ... 15
1.3.3 Over-width materialyield. . . . . . . . . . ... 17
1.3.4 Twoways reducing materialyield . . . . . . . .. . ... ... 18

1.4 Thesisobjective and approaches . . . . . . . . . . L 19
1.4.1 Thesis objective - predictive model for cold rollingpeess. . . . . . ... ... ... .... 19
1.4.2 Approaches . . . . . . . . e e e e e 19

A

ArcelorMittal  Quang-Tien Ngo - 2015



1. Width variation problematic in steel rolling 1.1 Introduction to steel

1.1 Introduction to steel

1.1.1 Steel applications

Steel is one of the materials the most used over the worldingahbout steel induces thinking of strength, dura-
bility, safety and cleanliness. That is why we can find stegixhere in our daily life. The steel applications field can
be classified into five main domains.

1. Automotive industry: Car white body is composed of thin, flat carbon steel. Higargjth steel and stainless
steel are used for structure, reinforcement and safetg.paftieel and suspension parts are also made by strength
steel while engine is long product steel. We can also find steeany other pieces of a car as: tyre reinforcement
(steel cord), exhaust system and decoration (stainlassiigized or chromium steel). More than a half of car
weight is made from steel.

2. Packaging: food containers, drink cans, liquid and gas containerss&l@nsumable products are made from
steel partly because of the steel high recyclability. Inisrédibly true that drink cans made from steel could be
recycled infinite of times. For this application, we use rho#tin law carbon steel resisting to high pressure.
High quality of surface is required because steel is codtedlth safety) and painted.

3. Household appliances:Many kitchen objects as oven, refrigerator, washing maghsmk... are made from
painted low carbon steel, enameling steel and stainlesk sted thanks to its health safety, cleanliness and very
high strength, stainless steel is most used for cookingsieaind cutlery.

4. Construction and mechanical industry: Thanks to very interesting ratio strength/weight and highadility,
steel always keep its place in construction market amongenons number of materials. Many bridges, offshore
platforms, boats and sheet pilings are made from heavy latels, high strength beam and wires. All rails are
high carbon long steel product. Steel is also used to produbes, pipes, tanks for petrol, chemical and food
industries as well as transportation or specific produkéspressure vessels and springs...

5. Building: There are more and more building with steel structure udiegl ¥eam (long product), flat panels,
roofs. Different from other material stainless steel onpad and coated steel are used for decoration.

In the present thesis, we are interested in rolling proceataarbon steel for automotive and packaging applica-
tions. Thus, after a brief history of metallurgy, the protioc route of these kinds of steels, considered represeatat
for general steel production, will be presented.

1.1.2 Steel and metallurgy history

The discovery of steel: By the 11th century BC it has been discovered that iron can lehrimproved. If it is
reheated in a furnace with charcoal (containing carbonjiesof the carbon is transferred to the iron. This process
hardens the metal. In addition this effect is consideralbbater if the hot metal is rapidly reduced in temperature,
usually achieved by quenching it in water. The new matesatéel. It can be worked just like softer iron, and it
will keep a finer edge, capable of being honed to sharpnessiually, from the 11th century onwards, steel replaces
bronze weapons in the Middle East, birthplace ofltbe Age.

The first castiron: Thus far in the story iron has been heated and hammered, bert melted. Its melting point
(1528°C) is too high for primitive furnaces, which can reatiout 1300°C and are adequate for copper (melting at
1083°C). This limitation is overcome when the Chinese dgval furnace hot enough to melt iron, enabling them to
produce the world’s first cast iron - an event traditionaliftet! in the Chinese histories to 513 BC. In this they are a
thousand and more years ahead of the western world. Theréirstaundry in England, for example, dates only from
AD 1161. By that time the Chinese have already pioneeredttbetaral use of cast iron, using it sometimes for the
pillars of full-size pagodas.
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1. Width variation problematic in steel rolling 1.2 Typical steel production route

Ironmasters of Coalbrookdale: Until the early 18th century the working of iron has beennietstd by a practical
consideration. The melting of iron requires large quaggitf charcoal, with the result that ironworks are usuatkytsi
inaccessibly in the middle of forests. And charcoal is exypan In 1709 Abraham Darby, an ironmaster with a furnace
at Coalbrookdale on the river Severn, discovers that cokéeaused instead of charcoal for the smelting of pig iron.
This Severn region becomes Britain’s centre of iron proidndn the early stages of tHadustrial Revolution . Its
pre-eminence is seen in the Darby family’s own construatibtine first iron bridge, and in the achievements of John
Wilkinson.

Ironbridge 1779: Inthe space of a few monthsin 1779 the world’s first iron beidgith a single span of over 100
feet, is erected for Abraham Darby (the 3rd of that name) theeSevern just downstream from Coalbrookdale. Work
has gone on for some time in building the foundations andrgagite huge curving ribs. But in this new technology
little time need be spent in assembling the parts - which arqdtis proudly announced, to 378 tons of metal.

Puddling and rolling 1783-1784: In successive years Henry Cort, an ironmaster with a mill r@aeham in
Hampshire, patents two processes of lasting significanteistory of metallurgy. One is the technique which becomes
known as puddling. Cort’s innovation is a furnace which ssathe molten iron so that air mingles with it. Oxygen
combines with carbon in the metallic compound, leaving aftpure iron. Unlike the brittle pig iron (or cast iron),
this purer metal is malleable. Capable of being hammeredshaged, it is a much more useful metal in industrial
processes than cast iron.

In the previous year Cort has also patented a machine foridgaout red-hot lumps of purefied metal between
grooved rollers, turning them into manageable bars witltlbeilaborious process of hammeringis device is the
origin of the rolling mills which subsequently become the standard factories of tbkigtiustry.

Steel growth since the last century: The world-wide steel industry has tremendous growth dutireg20th
century, from an annual production of 20 million tons of $ie€l900 to more than 1.2 milliard tons nowadays. The
most important growth rate has been performed in the 50s @sidffer the Second World War when the reconstruction
as well as the economy and military concurrence in many c@stequired more and more steel. Another fast growth
period is since 2000 when emerging countries as China, .lndéalize incredible economic growth. During this period
the steel technology has been developed with a drastic sdteeavolution of sciences, engineering technologies and
computer science. It is uncountable the number of scierdtificles, books, thesis as well as numerous number of
patents about the steel compositions and production pgeses

1.2 Typical steel production route

1.2.1 Liquid steel

There are two ways to produce liquid steel, a classic wagddlrimary steel route" using iron ore and the other
using steel scrap called "recycling route". This sectiondigective to introduce typical processes of steel pradogct
their roles and particularities explaining their existend@ he physical or chemical principle of certain processes a
only shortly and roughly explained but not detailed.

1.2.1.a Primary route

Coke oven and sinter plant

In a classic production route, raw iron ore follows first atafing process to be purer. Today, after sintering the
average iron ore charge varies from 70% up to 90%.

About coke, most of coke is man-made and obtained by pymslykcoal in regrouped furnaces in absence of
air. This process, realized at about 1000°C, is called en&king providing coke with high carbon content and few
impurities. The coke is essential fuel for blast furnaceksdo its solidity, able to support charge and porosityveithgy
the transfer of gas and liquid through.
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1. Width variation problematic in steel rolling 1.2 Typical steel production route

Blast furnace (BF) - Pig iron

BF operates on the principle of chemical reduction wheredrp@en monoxide, having a stronger affinity for the
oxygen in iron ore than iron does, reduces the iron to its elgal form. Chemical reactions, control of temperature
and the circulation of materials in the furnace are in fachplicated. Avoiding details of what happens, a very short
description can be given as follows.

The main chemical reaction producing the molten iron, thightrbe indeed divided into multiple steps, is:
Fe;03 4+ 3CO = 2Fe 4 3CO;. (1.2)

The iron ore and coke are supplied through the top of furnaseiccessively forming alternative layers while the gas
is flowed into furnace at the bottom (see Figard#). Going up, the gas is efficiently in contact with solids dtireg

the furnace height. As output, thpég iron obtained and extracted at the bottom of the furnace contgnerallyFe
(93-95%),C (3-5%),5i (0.2-0.8%) Mn (0.2-2%) and alsdl, S, P...

Gas |—
1500 m?

Iron ores
1.6t
5

Cohesive
~zone

Air
1000 m3

Figure 1.1: Blast furnace scheme and an approximated batarabtain 1 ton of pig iron.

Limestone CaCOs is provided into the top side in order to remove some impmsgitiontained in iron ore notably
silica Si. At the middle of the furnace, limestone is decomposed bgti@a with CO, and then the calcium oxide
obtained reacts with various acidic impurities (silicaéxample), to form a fayalitic calcium silicate.

CaCO3 — CaO + COy

S5i0y + CaO — CaSiOs3 (1.2
Slagis the liquid mainly composed of remaining of limestone daposition and impurities of iro@a0, SiO,, Al,O3
and MgO as well as silicates of calciunC¢SiO3)of other metals ... The liquid slag floats on top of the ligin@h
since it is less dense and is removed continuously from tirafie bottom. At the furnace top side, the monoxide and
dioxide of carbon are evacuated in the waste gas. Figjurgives approximated quantity of main inputs and outputs
corresponding to a ton of hot metal (pig iron).

Basic oxygen furnace (BOF) - converter

BF pig iron, containing 3-5%, can be used to make cast iron but more often refined furtheate steel (much
lessC content. Liquid steel needs to contain lower contents,a¥1n, Si. Tablel.1shows an example of composition
of input pig iron and desired composition of liquid steel.
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1. Width variation problematic in steel rolling 1.2 Typical steel production route

T C Mn Si P S @]

°C % % % % % %
Liquid pigiron | 1370 4.70 0.23 0.26 0.08 0.02 0.00
Liquid steel 1650 0.05 0.10 0.00 0.02 0.02 0.05

Table 1.1: Example of composition of pig iron supplied to B&i liquid steel obtained.

log Ha/H;0
log COICO, 4y &4 = £

AT log Po, (koal)

Refractory e ————————— .

Figure 1.2: Schema of BOF principle components. BOFFigure 1.3: Ellingham diagram: dependence of affinity

allows refiningC content of pig iron at high temperature for oxygen of different elements. Carbon affinity for oxy-

using oxygen. gen increases with an increase in temperature while that
of metals decreases.

To do that, the molten pig iron is poured into a Basic OxygemBoe (BOF) where most of the remaining carbon
will be removed. In a BOF, pure oxygen is blown through a lomiget or lance inserted into the furnace top side.
Sometimes, for higher stirring (to get low€rcontent), oxygen is blown from the bottom side (see Figuge

As can be seen in Figurk3that the affinity for oxygen o€ at high temperature is much higher than thaFef
Because other elements present in pig iromdasMn, Si, Cr have also higher affinity for oxygen thdie, they are
equally almost removed from liquid pig iron by combining lvitxygen to form oxide and stay in slag floating on the
steel liquid such as:

2C+ 0, =2CO

Si4+ 0, = (SiOz)

Mn + Op = (MnOy).
SinceS and P have similar affinity for oxygen age (see Figurel.3) they are more difficult to be removed. The
solution is to add limestone to supplO born after decomposition @aCO5 (see equatiot.?). The basic reaction

to eliminateP is:
2P + 50 + n(CaO) = (nCaO — P,0s) (1.3)

a stable oxide in slag. And the desulphurization is basedéactions
S+ (CaO) = (CaS) + O

(1.4)
5420 = S0O;.

A

ArcelorMittal  Quang-Tien Ngo - 2015 5



1. Width variation problematic in steel rolling 1.2 Typical steel production route

1.2.1.b Recycling route

For a recycling route, the mail raw material is no longer iowa (oxide ofFe) but steel scrap with various com-
positions. Reducing oxides % in BF and reducing (and other impurities) in BOF are no longer necessary. Thus,
instead of BF and BOF, Electric Arc Furnace (EAF) is used ttt seeap and produce directly liquid steel.

The cost of an EAF is about 8&)(Alternating Current - AC EAF) or 23i&(Direct Current - DC EAF) much lower
than that required to build a BF (about 30&) With lower productivity (about 0.7Mt per year), EAF isitsble for
mini-mills. Invented in 1900, it had been used mainly fordgoroducts (bars, rods and small profiles) production.
Today, EAF is also used to make flat carbon (thin slab castingeavy section products. Typically, better grades of
steel products come from virgin iron ore and are rolled atgteal to fully develop internal quality and grain structure
In the market for midquality steels, the integrated canrgfierhaps more than enough quality but often at too high
cost. The mini-mills, in contrast, may have the right coaticture but not necessarily the right quality. By choosing
suitable production route, companies can achieve a betteng of cost and quality.

Power cables blectrodes

. Hatch for iron ore,
o e  lime and other material

o

.I,,_‘__\.___‘_‘;:._—_Jk - Oxygen inlet

-
Tapping spout
Door for far moiten iron
emaving slag

E .
7¢—,___ :

Iron ore =~

Figure 1.4: lllustrating the Electric Arc Furnace which siserap steel to produce pure steel.

Raw materials and elaboration

For the production of steel in a EAF, the following principalv materials are used as feedstock:
» Recycled steel scrap

* Hot metal

* Pigiron

* Reduced iron

In general, three first materials (scrap, hot metal, pig)iese charged into EAF before the actual elaboration starts
and the reduced iron is continuously fed into the vessehduglaboration to adjust the target composition.

Heating

The EAF principle is to heat material by electric arc throtlgh metal between a graphite electrode inside and
another at the bottom of the furnace thanks to a high voltdgdout 1300V ((see Figuré.4). The heating can be
divided into two steps: meltdown and super-hearing. Dutireyfirst phase, the electrode starts from the top of the
scrap charge, goes down close to the bottom to melt littlentifyeof scrap and form small metal bath. The electric
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1. Width variation problematic in steel rolling 1.2 Typical steel production route

energy continues to melt scrap until obtaining flat bath (efeheltdown). After this meltdown phase, there remains
some unmelted scrap, the superheating (refining) coneistelt them by moving the electrode inside the furnace and
use lower level of power.

Almost all materials charged into the furnace can be oxdliaed hence release some energy. Iron and tramp
elements when oxidized are transferred from the steel batietslag while carbon containing elements are converted
to furnace off-gas. Chemical energy is also entered usitgreal divides as natural gas burners to assist meltdown
avoiding cold spots in the vessel and oxygen & carbon lanaagging oxygen for oxidation and post combustion.

Metallurgical results obtained at the EAF

The remaining tramp element€y, Sn, Ni, Mo, Sb...) in liquid steel depends on the scrap composition (scrap
yard) while carbon and phosphorus content is result of tbegss (oxygen injection). Table2 gives a rough idea
about the composition of liquid steel obtained by EAF.

Process Scrap charge | Cu Sn S P N C
ppm ppm ppm ppm ppm  ppm
Low quality 250 50 50 40 70-90
Standard qualityy 150 20 30 15 70-90
EAF High quality 50 10 1020 <10 70-90°0°0
Scrap +fewiron| <50 <10 10-20 <10 40-50
BOF Pig iron 20 <5 10-20 <10 <20 10-4p

Table 1.2: Comparison of chemical composition of liquicestebtained by EAF and BOF

1.2.2 Secondary metallurgy and casting

Secondary metallurgy

After BOF or EAF, the liquid steel enters into the refining gees called secondary metallurgy which has primary
objective to finely adjust chemical composition of steel amirolling impurities and metallic inclusions. This sec-
ondary steelmaking process is most commonly performediiesa The necessary alloying elements are added while
the impurities are removed by deoxidatiofi/( Si), metal/slag reaction and vacuum degassing. Tight coofriaidle
metallurgy is associated with producing high grades ofl stewhich the tolerances in chemistry and consistency are
narrow.

The second objective of the process is to prepare the rigipeeature of liquid steel just before casting process
typically about 20°C more than liquidus temperature. A tow temperature may cause risk of solidification in the
ladle or tundish while a too high temperature would make umaete solidification producing break at the casting
machine exit. The ladles are commonly equipped of smalkrétearc furnace that is used to regulate the liquid steel
temperature, for instance to re-heat the liquid steel whertasting process is delayed.

Continuous casting

Figurel.5shows standard components of a casting machine. The lamiésicing liquid steel are charged on the
top side of the machine (feeding zone) where a rotating systéows replacing a full ladle into the position of an
empty "in casting" ladle at the end of each casting "sequefd® liquid steel flows from the ladle to a tundish where
the steel is well protected thermally and chemically. Theltsh aims at feeding several strands in liquid steel and is a
buffer tank during ladle change. It enables to control agdilse the steel flow rate in molds.

After the feeding zone, the steel comes in the molds, hea€, zaimere heat is extracted to form primary solidified
shell and give suitable geometry. Out of mold, the steel im®® solidification zone with many rolls guiding the
change of direction from vertical to horizontal. The steadalidified completely with position of the end of solidifica
tion depends on steel grade and process parameters. Afbeyasutting process, solid steel slabs are produced with a
dimension required by hot rolling plant.
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1. Width variation problematic in steel rolling 1.2 Typical steel production route

Figure 1.5: Continuous casting machine: 1-Ladle, 2-TundBsMold, 4-Plasma torch, 5-Stopper, 6-Straight zone.

After casting machine, automotive and packaging prodabishave generally a dimension of about 5-15m (Length)
x 800-2000mm (Width) x 220-260mm (Thickness) weightingiird0 to 35tons. In a same casting sequence, the slabs
have same width and thicknessis necessary to note that casting machine only produces dain values of width,
for example 800mm, 1200mm, 1600mm and 2000mm but not any dessil one.

1.2.3 Hotrolling plant

The objective of a Hot Strip Mill (HSM) is to reduce the proditlickness and width while controlling the product
surface quality and mechanical properties. Differentiltations of a HSM can be described as follows (see FigLe
Hotrolling is also called hot metalworking process whichsigts in deforming product above the phase transformation
temperature of the material because:

« at austenite phase, material is much softer

« at higher temperature, the grains deform during rollitngytrecrystallize, which maintains an equiaxed mi-
crostructure and homogenous grains size.

« the phase transformation needs to be precisely performgettdesired mechanical properties. This is done the
most commonly during the natural cooling at the coil parkafoiling process.

In general, to maintain a safety factor a finishing tempeeaand of finishing mill) is usually defined about 100°C
above the phase transformation temperature.

1.2.3.a Reheating furnaces

The reheating furnace function is to heat slabs up to enoigghtemperature (about 1100-1300°C) depending on
the steel grade by using natural and coke furnace gases. A ¢#Mvork with 2,3 or 4 furnaces in function of the
productivity. A furnace has a power of about 1220MW and a cipa€ about 350t/h (heating time of a slab is about
2-3h).
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Figure 1.6: Schema of a Hot Strip Mill.

1.2.3.b  Roughing mill

Before the rolling process, a descaling is necessary tovehne scale (oxide layer) forming on the slab surface in
the reheating furnace. Because a thick scale layer wouldddeh and inserted into the steel causing surface quality
defect. The slab passes firstly under two pairs of powerfidysheaders that blast high-pressure water to remove the
3mm-thick scale layer. Shortly after, a relatively smalRh rolling mill called a scalebreaker reduces slightigtsl
thickness to break up any scale that remains. Then sweepssgean away any loosened scale that remains on the
slab surfaces. The transfer bar will be descaled once oetmiare during roughing to remove the scale that has grown
back over the some minutes spent in the roughing mill.

The roughing mill can compose of more or less five stands tirethich the slab goes in keeping a same direction.
Sometimes, it is a reversible stand where the slab passespairinumber of times (five times for example). In any
case, a roughing stand is a combination of a vertical robitagd calledkdgeraiming at reducing the slab width and a
horizontal stand reducing the slab thickness. After rongmiill, the slab thickness usually decreases to about 60mm
and is elongated to about 40iVe remark that the product width is only rolled in roughing mi Il when the product
is thick enough and in the later rolling processes variatiorof width is a consequence but not an objective.

After the roughing mill, the slab is transferred to the fimmghmill with a low velocity on a segment of free or
motorized small rolls that is called waiting table or rodiéable. And the slab is now called a transfer bar. In some
necessary cases, in order to prevent the slab from radigtémal lost we switch down a tunnel to cover entirely or
partly this segment.

1.2.3.c Cropping machine

Then, the transfer bar is descaled once more to eliminat¢ ehgsale grown during transfer time and just before
the finishing mill it passes into a cropping machine. Becaubad quality head-end (oval form or with ski-effect) is
critical to properly threading the finishing mill and the dweiler, and an fish-tail tail-end can mark work-roll sudac
the head and tail-ends of nearly every transfer bar are expp a pair of large steel drums each with a shearblade
extending along its length. With the bar crawling along tbker table at around 0.5-0.7m/s, some sensors detect its
position and speed in order to time the crop shear drums toizg the amount cropped.

1.2.3.d Finishing mill

One of a finishing mill functions is to reduce the productkiniess to a predefined (targeted) value. As the transfer
bar is enough long and it will be longer and longer (for exaar§8lOm for an exit thickness of about 3mm), the product
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can be rolled at the same time in several stands increasingrtiductivity. In general, a finishing mill is a system
including seven (more or less) successive 4-High standsifigr a tandem. Between stands, there are tensiometers
which allows to control the strip tension between standsintakolling process stable. A measurement of thickness
is usually available at the exit of finishing mill allow to dool and regulate the thickness by acting on the roll force
(if hydraulic technology stand) or screw position (meclahtechnology stand) to vary thickness reduction of one or
more stands.

Another objective of finishing mill is to get a right tempere at its exit (entry of run-out table). That is why the
exit strip temperature is measured and enables to adjusilting speed. In average, the rolling time of a strip is abou
60-100s. It is easy to remark that the tail-end of strip ise¢f@e colder than the head-end of about 50-70°C. In order
to obtain a homogenous temperature along the strip, théiiigjsnill increases continually its rolling speed. This is a
very common practice to compensate the temperature lost.

1.2.3.e Run-out table

Metallurgically critical to the properties of hot-rolletegl is the coiling temperature, as the coil will cool frorsth
temperature to ambient over the course of three days, areasitient comparable to annealing. Coiling temperature is
specified by product metallurgists to search optimal meiclahproperties. Therefore the objective of the run-oulgab
is to cool the strip from the temperature at the exit of thesfimg mill to optimal coiling temperature.

The run-out table is composed of many water valves regroupedferent segment spraying the water at low
pressure on the strip. Because the temperature at the diitisifing mill can be fluctuating all along the strip. At
the same time the strip speed is not controlled in the runtahle but by the finishing mill, an automatic system
opening/closing the valves enables to regulate the nunflmraned valves to meet targeted temperature through the
coil length.

1.2.3.f Coiling process

Out of the HSM, the strip is about 400-700m long and is coiteld easily transported. Coiling temperature is a
key element for metallurgical properties of material and eary from 550°C to 800°C depending on grade.

Commonly a HSM relies on two coilers working alterativelyoaling long waiting time. A coiler begins with a
pair of pinch rolls that catch the strip head-end. The heatli® deflected by a gate down to a mandrel and is guided
around the mandrel, laps begin to build around the mandradjrfg away the wrapper rolls. Once the head-end is
cinched and friction and tension prevent the wraps of steehfslipping relative to the mandrel, the wrapper rolls
disengage from the growing coil of steel. Before the stripisgpulled through the pinch rolls, the wrapper rolls are
reengaged. A hydraulic coil car moves into place beneatbdiieand, after rising up to support the coils bulk, strips
the coil from the mandrel and places it in position. The ceitéady to be pickled and sent to customer (hot rolled
product) or transported to cold rolling process (cold mieoduct).

1.2.4 Cold rolling plant

Cold rolling mill has main objectives to reduce the prodiitkness with high surface quality, good flatness and
mechanical properties. Figute7 describes different processes and necessary instaaif@cold rolling plant which
allow to obtain these objectives.

1.2.4.a Pickling line

At the end of HSM products, coiled at high temperature (55800°C) develop scale layer during the cooling time
in air. Depending on the coiling temperature that the sdatkiess can vary fromybn to 2Qum. In order to avoid
incrustation of this scale into the steel during rollingsihecessary to move it out thanks to acid tanks. The usudd aci
in pickling line areHC! at about 85°C or H2SO4 at about 100°C.
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Figure 1.7: Different processes of a cold rolling plant.

At the beginning of the pickling process, a tension leveadiens at breaking the scale layer facilitating efficiency of
the acid action. The tension leveller introduces tensionsaiternative bending movements to deform plastically the
strip. In general, the strip is elongated of about 0.5-2.@%king more or less scale layer. An elongation of about 2%
can allow to decrease twice the necessary pickling time.

1.2.4.b Side trimming

In order to eliminate edge defects that potentially makip bireak in cold rolling, strip is often side trimmed before
the rolling mill. And depending on steel grade and productetision, high quality of strip edges is required to reduce
the risk of work-roll mark in rolling process. The side tririmg lets equally to obtain homogenous width along the strip
length. However, this operation requiring a minimum cutwatith is a significant material yield source. Side trimming
operation can be therefore skipped off when the risks meati@bove are estimated negligible. For automotive steel
production about 60% of products are side trimmed befora m@ling mill.

1.2.4.c Cold rolling

Main objective - Thickness reduction

The main functionality of cold rolling mill is to reduce thérip thickness to the final one while providing high
surface quality. The most common flat product cold rollindlsntontain from 4, 5 or 6 4-High or 6-High rolling
stands. For automotive product, the entry thickness véndes 2mm to 6mm for a total reduction of 40-85%.

For packaging product, the reduction in cold rolling needsa well defined in order to reduce the planar anisotropy
after annealing. This anisotropy generates a famous typefett, called earning defect, in deep drawing process as
can drawing. The anisotropy increases as a function of atlidg reduction, then decreases and becomes zero at very
high reduction. So depending on grade (especially on Catcbatent) the suitable cold rolling reduction is defined,
usually between 86 and 92%. After the annealing, if the coliéd thickness is still higher than the commanded one,
the strip thickness is reduced once more at the skin-passggdsee sectidn2.4.¢. Many packaging products follow
this production route that is called double reductions. T$tereduction is done at the tandem cold rolling mill (before
annealing process) and the 2nd reduction is done at thepsigarolling mill (after the annealing).

Flatness

In rolling, the strip can be deformed heterogeneously irthvitirection, meaning that the reduction is not homoge-
nous. In this case, it is elongated more or less at the stripecend edges and after rolling the strip can contain
important residual stress and difetness defectsThere may be many reasons for these defects:

The first one is the very important roll force, 1000 to 300@ttimat deforms the work-rolls, which are in contact
with the strip, in deflexion mode, and can make reduce moukiieiss at strip edges than at the strip center. The
material is, hence more elongated at the edge than the aghieln generates flatness defect called "long edge". To
limit amplitude of flatness defects, bigger work-rolls sttbioe a solution. However, that increase the contact arda wit
the strip and increase the necessary roll force for a saroknss reduction. More clever solution is to use back-up
rolls which are bigger and in contact with the work-rolls t@yent them from deflexion deformation. A stand with
only a pair of work-rolls is called 2-High stand, with a pairlmack-up rolls likewise is 4-High stand. The 4-High
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stand is able to use smaller work-roll and therefore needsrdaoll force than the 2-High one. That is the reason
why in industrial flat rolling, the common stand technologyHigh or 6-High stands. For stainless steel (very hard
steel), there may be used 20-High stand, called Sendziamndstvith several time smaller work-rolls than a typical

automotive 4-High stand.

Additionally, to correct the "long-edger” flathess defdsnding force could be used to separate the ends of top
and bottom work-rolls (see Figufied). On the contrary, negative bending exerted to bring théwolls ends together
should be used to correct "long-center” defect.

Another solution consists in using work-rolls designediaty with small positive (higher diameter at the center
than two ends) or negative crown allowing to correct "lomig®' and "long center" defects. More recently, smart
crown technology is developed to control faster and moreiefftly the flathess defect. That consists in designing an
intelligent work-roll profile: continues variable crownVC) as shown in Figur&.9. By shifting the work-rolls, it is
possible to change the gap between them and that enablesttoldhe flatness efficiently.

Total force

Roll force re-distributed
on the WR

Figure 1.8: Positive bending forces are exerted to sepa- Figure 1.9: CVC rolls allow to control strip flatness.
rate work-rolls ends.

Lubrication

In cold rolling, lubrication is an essential factor allowito obtain a good strip surface. An insufficient quality or
quantity of lubricant could create scratch defect. By desirey the roll-strip contact friction the lubrication reds
the un-useful energy dissipated by contact friction and/sldown the work-roll wear. In cold rolling process, two
common techniques to apply the lubricant are direct andaelaited applications. The direct application uses less
stable oil and reject it after while the recirculated systesas more stable oil and reuse it after a retreating process.

Cooling

During rolling, the electricity consumed is mostly transied into heat distributed to the strip and the tools (work-
roll, back-up roll...). In average, a cold rolling mill camses from 15 to 20MW and is able to heat the strip and
work-roll of several hundred °C. That is the reason why itaspimportant to cool down the work-rolls as well as the
strip. Most common technology is water nozzles sprays. Tdwwoll cooling can be at the entry (before the roll-bite)
or/and at the exit (after the roll-bite). The strip coolisglione between two stands (interstand). A bad cooling system
leads to too high temperature degrading work-roll surfackceating heating mark defect on strip. That is also osigin
of work-roll thermal crown (more dilatation at medium of Wwemnll) causing "long-center" flatness defects.

Roughness control

One of qualities required by customers or by next procedsdgaing for example) is that the strip surface rough-
ness need to be in a certain range. A too low roughness (smodtte) makes the strip not adherent enough to paint
layer. A too high roughness could increase paint consumptimorder to obtain roughness, the last stand work with
rough work-rolls with a roll force defined to obtain right ghness. This stand does not aim at making reduction but at
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producing strip roughness and regulating strip flatnesthdrtontrary, in a tin-plate tandem mill (packaging progiuct
the last stand uses low roughness work-roll and makes hdyfction.

Coupling line

The pickling and cold rolling lines can be completely sepedta The coil coming from HSM is uncoiled, pickled
and recoiled at the pickling line before being transportedhie cold rolling mill (CRM). Then in the CRM it is
uncoiled again, cold rolled and recoiled. Or the two proessge sometimes coupled where the coils are uncoiled,
welded successively, head to tail, and then continuallgleitand then cold rolled before being recoiled. As coupling
line allows to increase productivity and decrease the pariswaiting time and other management cost, it becomes
more and more frequent since the last decades.

1.2.4.d Annealing - material drawability

After being deformed in the cold rolling, the strip mateigastrongly work-hardened and the microstructure grains
are sharply reduced in thickness direction and elongatealling direction. The material becomes anisotropic, hard
and fragile. However, customers need high drawabilitylste@pporting forming processes to make car pieces. There-
fore, after cold rolling, the annealing is necessary toyst@llize the material making it less brittle and more wdnlka

Batch annealing (BA)

In BA, the coils are heated intact in small furnaces over apipnately 3 days. They are usually stacked four or
five high on fixed bases, covered, as shown in Figui€ To prevent oxidation of the strip, the atmosphere arouad th
strip inside the furnaces is a controlled mixture of H2 anddMRBough hydrogen only is sometimes used because of its
increased conductivity. It is usually used for packagirglst.

] Furnace ©

@ Entry Exit
accumulator Scaking Overaging  Secondary accumulator
I furnace chamber  cooling

|
| Tangential
| Burners

5Zongs

3/Zones
2 Zones

1 Cleaning

@ saction
e ] oL LUl (o)
—p——| Basefan Entry Heating Slow  Fast Quench
HNX end 2| fumace cool  cool tank
Figure 1.10: Typical batch annealing base. Figure 1.11: Typical continuous annealing line.

Continuous annealing line (CAL)

The CAL subijects rolled strip product to a sequence of fuesdo elevate and profile the strip temperature ac-
cording to grade and dimension. Unlike BA, in CAL the stripuiscoiled, treated and recoiled in approximately 15

minutes.

Figurel.11shows a typical example of CAL installation. Accumulatorsyide storage areas between static steel
coils and continuous strip running through the furnaceigest Different furnaces are necessary to give steel the
desired properties by heating to particular temperatuireshe heating furnace, the product is heated to the highest
temperature. Then the soaking furnace is required to maigtap temperature that allows to finish recrystallizatio
of the material forming more homogenous and bigger graies Sihe strip is cooled down slowly and fast in the first
and secondary primary cooling sections before going inooeraging chamber where the strip is maintained at an
intermediate temperature eliminating carbon precipstate
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1.2.4.e Skin-pass rolling

After the annealing process, many products have abnormé-harding behavior with an yield plateau as shown
in Figure1.12 At the beginning of plastic deformation, the material isrkveoftened and not work-hardened up to
certain plastic deformation. If the steel is sent direatlgtistomers, during their forming process, the materidlival
deformed. In the steel, some local points will be deformest &ind because of its work-softening, there will be a strong
local concentration of deformation at these points. Thaatas heterogenous thickness in the structure and apparent
surface defects when painted. Luders defect is the denatiosti35].

Therefore, the primary functionality of a skin-pass millled also temper mill is to suppress the yield point plateau
of annealed steel by doing relatively small but enough attformation in the strip. This elongation is to be defined
as a function of steel grade and annealing cycle. It varigsngonly from 0.5 to 2.5%.

>

Figure 1.12: Tensile yield stress curve of an annealed btfete (left) and after skin-pass process (right).

The second objective of skin-pass rolling is to provide @strughness required by the customer varying from 1 to
3um. The work-rolls roughnesses are quite important and théorge is calculated coil-to-coil (it can not be too low
or too high) to succeed the roughness transfer. A temperamil equally at improving strip flatness thanks to small
deformation that its offers to the strip and a bending system

For automotive steel, skin-pass mill can be 1-stand miledahlso stand-alone. The skin-pass mill can roll one
by one the coils coming from BA and is called offline skin-plss. And when it is combined with and continually
feeded by a CAL, it is called CAL skin-pass line. The skingissalso used in galvanizing line after galvannealing
process.

On the other side, packaging products are often highly doenafter annealing. It is, thus possible to reduce their
thickness to reach lower thickness range and work-hardam th get higher yield stress by having always a good final
drawablitity. That is why the packaging skin-pass mill isialty 2-stand mill able to make from 1 to 55% of reduction
to obtain the final customer thickness and provide good roaghand flatness.

1.2.4.f Coating

This is the last process giving additional properties tapis as anti-corrosion, adhesion and aesthetic appe&aranc
required by every steel market. There exist different kiofisoating lines adapted to different steels and customers.
Most of automotive products are treated in two common Hot Gglvanizing Gl £n with 0.2 to 0.3% ofAl) and
GA (ZnFe with 0.1 to 0.135% ofAl) are to deposiZn — Al layer on the steel surface. Packaging products are
electro-coated, organic coated or tinned.
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1.3 Width variation problematic in cold rolling process

1.3.1 Industrial observation
1.3.1.a Scattering of width variation

Strip width decrease called width necking, according toraaed, Becker and Roubi®{], may reach over 20mm
through different steel production processes of a coldtplhich are introduced in the sectidn2.4 Continuous
annealing and galvanizing (or annealing) furnaces, temyks and tension levellers are known to have influence on
strip width variations. Between these processes, tandddnnail is considered as the most influent factor on that
phenomenon. For instance, Figuré3shows the strip width variation of about 6000 automotivelgpeoducts rolled
at the 4-stand cold rolling tandem mill of ArcelorMittal FFénge. It can be seen that in this tandem mill, strip width
variations are mostly negative (width necking) and can bsubmm or more.
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Figure 1.13: Width variation observed for 6000 coils Figure 1.14: Typical strip width profile provided by HSM
rolled at ArcelorMittal Florange 4-stand cold rolling tan- to cold plant at ambient temperature.
dem.

These width contractions (showed in Figdr&3 are scattered and badly estimated nowadays. Consedquhbatly
could lead to producing under-width coils unsatisfyingtouser requirements and the coils are therefore downgraded
or rejected. To compensate for these width variations, plaidts use to order to hot strip mills coils with significant
over-widths, these over-widths are often overestimatétd ot finishing strip mill, with its own width scatter, tends
to increase also the width ordered by cold mills. All theserawidths and the associated side trimming operation
produce an important and non optimized yield all along tleslpction route.

1.3.1.b Heterogenous width profile at entry of cold plant

Itis usually observed that the width is not homogenous atoagil. In particular, at the entry of the cold plant, the
width profile has a minimum which can be up to 10mm less thamitith average and concentrate locally near to the
tail end of the coil (about 90m in the example givenh§4). A typical width profile obtained after HSM is given in
the graphicl.14 We remark that the tail end at pickling line of the cold plaatresponds to the hot coil head end. It
remains being the tail at CRM for a coupling (pickling - CRM)d or becomes the head end for uncoupled line.

1.3.2 Width specification using prediction models
1.3.2.a Taking into account width variation in each process

The width specification is an indusial terms meaning therdgtetion of targeted width of each product along the
production route from the known customer one. The schiemashows typical methodology about how a cold plant
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determines the necessary entry width allowing to produeé énstomer width. The targeted width at the entry of each
process is based on targeted one at the entry of the next tteamsprocess and an estimation of width variation in
this process itself. In the other words, firstly the entrythidf the last process (skin-pass rolling in this example) is
calculated from customer width and an estimation of widttiaten in the skin-pass. Similarly, the entry thickness of
annealing is that at the entry of the skin-pass adjusted mstimated width variation of the annealing process. The
same operation is repeated for cold rolling mill, tensiorelker (at entry of pickling line), until the side trimmer to
obtain the targeted cold plant entry width. The cold planteos the HSM to provide the concerned product with this
width. For the HSM, the cold plant is customer. The first owsdth in HSM is to compensate the thermal contraction
related to the difference of temperature, about 600°C at HBNer, and ambient temperature at the entry of cold
plant. And the second is an over-width for width variatiorttie finishing mill. Up to the roughing mill, the edgers,
mentioned in the sectioh.2.3.h where the processes are controlled to produce the targadkd for the Finishing
Mill.

Specified over-width for S Targeted width for exit
Hot Finishing Mill AWF|\/| +30 of Edger-Roughing mill
}\
Specified over-width for AW, + 30 AWHSM +30
AT

thermal contraction

3&
><

N_Targeted width for

Specified over-width for AWLeveIIing +30 entry of cold plant

leveller at pickling line

W Technical minimum side
trimmed over-width AWSideTrime

Specified over-width for
P AWeoiroliing +30 > AWeoigpiant +30

cold tandem mill

Specified over-width for AW i
cold annealing Annealing 30

Specified over-width for )
cold skin-pass mill AWsiinpasst 30

Customer width

)

Figure 1.15: Schema of the determination of targeted winditldifferent processes before manufacturing.

It is important to highlight that, in a process if the widthriadion is positive or in other words a width spread, the
necessary entry width is smaller than the targeted exit dleeoprocess. However, in reality almost every process
produces a width necking for most of products passing thiouthat are the reasons why an over-width for each
process is to be determined during specification.

The side trimmer is particular where the width is timmedétlemogenous at both edges. To ensure good cutting
quality this operation requires a minimum trimmed widthttisamore or less 5mm per edge (fixed or varied as a
function of strip thickness) meaning 10mm of width trimmdtlis an important material yield compared to other
processes. Thus, only a special part of production passeglhthis process.

1.3.2.b Taking into account width variation along the coil

As discussed in the sectidn3.1.bthe HSM produces today varying strip width profile with a loganimum.
Therefore, in the specification strategy, the HSM takes &umount this fact simply by targeting to provide the coils
with the minimum width equal or higher than that requiredty ¢old plant. That means, the HSM specified over-width
is higher (than if width profile is homogenous) to compengasadition the local under-width.

1.3.2.c Safety margin and uncertainty of predictive models

For cold plant as well as for hot plant, a width compensationdeded to compensate width decrease in different
processes. This is estimated by predictive models that bantain level of accuracy. The uncertainty of prediction
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models is not only due to the own quality of the models themesebut also the uncertainty of the models inputs. In
other words, the processes parameters (models inputspiiesl during specification phase are also different fram th
real production ones. Consequently, because of modelstairdg the production line would provide some times over
width and other times under width.

The over width could increase the production cost and redanefice but it is usually accepted by customer or can
be easily side trimmed to right width just before expedititmthe contrary, the under width is usually unacceptable.
The customer refuse the coils and there may be even consagiobetommercial agreement. Therefore, the production
line avoids under-width by takingsafety margin.

This safety margin can be taken constant or calculated intiom of the predictive models error following the
strategy of plants. To facilitate the discussion we takexammle where the safety margin of each process is equal to
three times the standard deviation of models error denot&hfety margin= 3c. This strategy promotes over-width
strategy in order to avoid under-width problem. If the po#idn error follows the normal Gaussian distribution, such
a safely margin results to under width for 0.135% and ovetlwidr 99.865% of products. We note that the average
error of predictive models is small because the models aredtand adapted to the measured data. Thus the models
average error is negligible before their standard dewiatizeaning the predictions are well centered.
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Figure 1.16: Summary of width specification of HSM and colain!

The specification method illustrated in Figukel5can be summed up the schehd6& The HSM calculate the
HSM width compensation to compensate the width variatiall diot Plant process from the roughing mill exit width
to finishing mill and thermal contraction for the local minim width point. And the HSM safety margin is equal to
three times the total of standard deviation of predictiveleis of all these HSM processes. Similarly, the cold plant
width compensation is the total of width necking in all coldmt process calculated by predictive models and cold
plant safety margin is also equal to three times the stardkarigtions of all these models.

1.3.3 Over-width material yield
1.3.3.a Material yield due to predictive models uncertaing

As can be seen in previous section, a such specificatiorgjrédads to about 99.865% of products having over-
width and 0.135% having under-width. This is true for evergqgess if each process adopt this same strategy. The
under-width products are usually rejected and becomeg soraome back to liquid steel production. Sometimes,
they are only downgraded and sale at lower price. The otlelyats, most of production, with over-width are side
trimmed before being sent to the customer. They are alsonmres@mses sent to the customer without being paid. Thus,
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in any case, the over-width is a material yield. These ovidtiwproducts (99.865% of the production) have an average
over-width a little higher than but very closed3o, the safety margin. Therefore, it is reasonable to considdrthe
average over-width is equal to the safety margin.

Hence, the material yield related to predictive modelsrasrequal tBoc,;ip1a,: fOr cold plant andoy sy for hot
plant (including thermal contraction between HSM and cdéhf).

1.3.3.b Material yield due to width heterogenous profile

As discussed above, the strip width provide by the HSM isrbgeEnous and the specification aims at ensuring
that the minimum width is higher than the width required bydcplant (see Figurd.16. That results to the fact
that the material at the edgers where the strip width is ligten the minimum width is not serviceable. And this is
and represent material yield for HSM. All along of a coil, theeless part has an average width equal to the intra-coil
under-width defined as the difference of the coil nominaltivithverage width) and the minimum one. And for the
whole production (many coils) the average of this uselessipaqual to the average of intra-coil under-width.

Finally, if the material yield is defined as the useless padtiwaveraged on a many-coil production, it is approxi-
mated by the sum of cold plant safety margin, HSM safety nmeaigd the average intra-coil under-width of products
provided by the HSM to the cold plant. It is necessary to niot, tthis estimation is true if the safety margin is high
enough so that most of products are produced with an ovahwidhis hypothesis is verified as shown in the example
above because the plants aim at avoiding providing undéthvpiroducts to customer.

1.3.4 Two ways reducing material yield
1.3.4.a Improving accuracy of predictive models

According to a strategy described above the safety marginaaterial yield depend directly on the uncertainty of
width variation predictive models, obviously improvingcacacy of the predictive model of any process allows to save
the material yield.

1.3.4.b Using process actuators

Coil-to-coil width correction

Following the specification strategy described aboveyiagiat the cold plant, a product provided by the HSM has
a higher width than that required in most of the times. Thisyeover-width varies from a product to another. As the
width variation in a cold plant is about several millimetéwsa width of more than one meter, meaning less than one
percent. The entry over-width will be changed of about lessitone percent. In other word, the entry over-width is
almost kept unchanged and is transformed to an final ovethwitithere exists an actuator of which an variation will
cause a change of the width variation in the cold plant, iudhbe able to play with this actuator to make more width
necking in the cold plant and therefore reduce the mateigid yThe new value of this actuator parameter is chosen in
function of the entry over-width measured to compensat@ritprocess actuator is efficient when its variation makes
sensible change of the width variation in the process.

The actuator is even more important in the case of undetvbidtause it generates a significant lost. Moreover, as
an under-width is usually small, it is more possible to beisid by an actuator.

Intra-coil width correction

At the coil-to-coil scale, the actuator is chosen for theimiimim width point of each coil. At the scale of a cail, the
other point all along a coil will be in over-width, the intstds of course to reduce this over width by setting varying
value of the actuator parameter. This material is elongatetdtransformed in to the coil length direction and is thus
saved.

A

ArcelorMittal  Quang-Tien Ngo - 2015 18



1. Width variation problematic in steel rolling 1.4 Thesis objective and approaches

1.4 Thesis objective and approaches

1.4.1 Thesis objective - predictive model for cold rolling pocess

The primary objective of the thesis is to develop a rapid and accurate predictive model of widttiation in cold
rolling process.

The phenomena contributing to the width variation of stnipald rolling will be presented in detail in the chapter
It will be shown that the subject has been studied by diffestrdies such agif], [59], [94], [49], [53], [114]... Many
of them brought out phenomena involving in the width vaoatfor flat bar rolling with small ratio width-thickness
(less than 10 in general). For flat sheet rolling where thetwillickness ratio varies from 200 to 1500 for automotive
and up to more than 5000 for packaging products, there ayefeerexisting studies. Between them the two typical
ones are§4] and [23. In this rolling configuration, the width variation is a ttmeo-mechanical problem that Finite
Elements MethodKEM ) calculations likeAbaqus, Lam3-Tec3are able to simulate and give satisfying predictive
results. However, these methods are very expensive in tefrasmputing time (from several hours to few days).
Another method named stream lines meth®§ gllows also to model the width variation problem accunatrit the
computing time remains in the order of few hours. These nsoae of course not applicable to the width specification
and even less serviceable for online control of strip width.

On the other hand, some statistic and neural networks mea@s and can be easily developed and tuned to
industrial databasesp], [26]. They are extremely rapid but poor in physical compreh@msaind accuracy. Thus, the
present thesis aims at developing a physical model by intiod some simplifying hypotheses and analytical methods
as far as possible to obtain accurate predictive resultsnedisonable calculation time.

Success criterion; Such a model is considered successful when its accuracghgiihan that of statistical models,
closed as much as possible to thaF&M models and has a computing time of order of a second.

1.4.2 Approaches

Issued from a bibliographic study about width variation af firoduct in rolling process which is presented in the
next chapters, the Upper Bound Method, an approach basdtbarelocity filed seems to be an adequate method to
develop fast model of width variation. Hence, the preseasithis based on this method to start with. According to
this model, it is the plastic lateral flow of material thatates the width variation. The obtained results are in egnéll
agreement with other existing models and experiments pagd in within ArcelorMittal laboratory pilot rolling mill

However, it is necessary to highlight that the strips width experiments is quite narrow. The width-thickness
ratio is lower than 60. Very quickly, when applying this mbte automotive product with typical width-thickness
ratio of about 1000, the width variation obtained is alwagsifive (width spread) unlike the industrial measurements
showing negative width variation. TH&EM calculations withAbaqusandLam3-Tec3are therefore performed in this
rolling condition in order to bring out physical phenomenseailving in the width variation. Despite of it reversibyljt
the elastic deformation has an important impact on the findthwariation. That is also proved that the thermal
deformation influence in a similar way the plastic deformatjenerated in the roll-bite and thus contributes to the
final width variation. The amplitude of both phenomena iases while the lateral flow decreases sharply with the
strip width. Therefore, the influencing phenomena in thethvidariation and above all their coupling become really
complicated. Developing rapid or analytical model is tifiere extremely delicate.

Thus, the methodology is to analyze width variation phenuarigyFEM in order to find good simplifying hypothe-
ses and appropriate way to introduce them to the new prediatodel. The=EM results are also used for validation
of the rapid model.
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Chapter 2

Rolling process modeling reviews

To answer the needs for research and industrial applicajahere have been de-
veloped numerous of rolling models with various levels ofiplexity and rapidity.
This chapter firstly aims at giving a general point of view oiling process and
modeling. Afterwards, some typical models are presentpdrately for work-roll
elastic deformation, tribology of roll-strip contact anttip elasto-plastic defor-
mation. We privilege the discussions on analytical or senatytical models. The
main physical understandings and equations are detailethi®two famous fam-
ilies of rolling models, slab method for homogeneous deddion and Orowan
theory taking into account inhomogeneity of strip defoiipratcross the thickness.
The developments concerning introduction of elastic de#tion are as well men-
tioned. These elements help to develop a new elastic-plpksthe deformation
model introduced in a later chapter. This new model aims gr@ximating the
width variation.
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2.1 General description of rolling problem

2.1.1 Main characteristics of rolling process

In the sectionl.2 of the previous chapter, all processes of a production rargeresented. That brings out the
main aims of hot rolling as well as of cold rolling processéke hot rolling (se€l.2.3 aims at reducing strip width
and thickness and controlling outlet temperature in ordeget targeted mechanical properties. On the other hand,
during cold rolling (sed..2.9 only strip thickness is reduced while the width variatisraiconsequence. And unlike
the hot rolling, the cold rolling objective is to obtain a ygood surface and flatness.

A definition of rolling process: There exist many definitions of this process in the litemtutere following is
presented one of them. According o5 this operation is defined as follows: In metallurgic indystolling is an
operation having objective to reduce one or more dimensibm@slong product thanks to a system of two or several
axisymmetric tools rotating around their axis. It is theat@n of these tools which drives the product move toward the
roll-bite thanks to the presence of work roll - strip contfitttion, see Figur®.1

Figure 2.1: Rolling process usually consists in reducinig shickness and elongate its length by consequence.

2.1.1.a Steady state or transient rolling and modeling

Industrial rolling process can be performed constantlyansient phase, especially in hot slab rolling. In a roughin
mill for instant, product s rolled one by one separately eolling of product extremities has transient nature, ilérrg
parameters (strip deformation, roll force, velocity..@rywduring time. In this process, the product is not long gou
to establish steady state rolling.

Unlikely, in a cold rolling, the product is very long compdr® its width and work-roll size, the rolling is mostly
performed at a steady state. The establishment of mechatézaly state is quite fast. In general, after a rolled
length of several times of the widths mechanical fields bexooonstant during time. In particular, for 2D (plane
strain hypothesis) it is even faster. Rolling several tim&soll-bite length is already sufficient to get steady state
Nevertheless, the thermal steady state requires longer fiost after being changed, work-rolls start with homogesno
temperature equal to ambient one. Itis heated by excharegaith products and by friction dissipation. This heating
process requires many rotations, sometimes only aftengadleveral product, the thermal steady state is estallishe

Time-dependent or incremental methods

Correspondingly to these possible phases of rolling pmdéere exist two categories of models. The first one
contains time-dependent models allowing to understand Wajppens during transient phases. The incremental or
Lagrangienmodels integrate the equations in function of time. The pobdleometry is known at the given time,
and its evolution in time is calculated by integrating théoeéy field in a same way for the strip and the tool (see
Figure2.2). These methods allow to model not only the transitory sthté also the equilibrium ones by integrating
the equations long time enough until obtaining stable sina However the calculation time is important. Typical
applications of incremental method are for the roughindwiikere the extremities (head and tail) deformations and the
threading issues should be studied. These models are adadanodel unstable phases as flathess issues or vibrations
problems for both hot and cold rolling.
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Iterations

Final
i+1

Time dependant - incremental method Stationary method

Figure 2.2: Incremental and stationary methods.

Stationary or steady state methods

Stationary models are constructed by eliminating the timalli equations sometime called tBellerian models.
This method represent certainly an attempt to develop brgtirn, many substantial advantages. In particular, they
decreases the computing time by more than ten or even hutidres in some cases. The principal difficulty is that
the calculation domaine the geometry of the product and tool during and after deftionédbecome an additional
unknown of the problem because of the free surfaces wherésptadement boundary conditions are presgak[In
general, this difficulty is translated into a calculationiteyation (see Figurg.2

Remark: The main objective of the thesis is to model the width vasiatiuring cold rolling. Of course, during
this process, the product thickness and mechanical piepare not homogenous from at head to the tail end. But very
commonly these variations are small and negligible. Andwmthese variations occur on a long part of the product (low
frequent variations) the process is considered as quaslystate rolling, meaning that the time depending soluson
a succession of many steady state solutions of the inputathéime-dependenthat is why henceforth only steady
state models will be mentioned.

2.1.1.b Symmetric or asymmetric rolling

Operator-motor sides asymmetry: An example of asymmetries is tilting problem when roll gapds constant
along the rolls axe (the strip width direction). The striphierefore deformed more at one edge side than the other. By
consequence, one of the strip edges is more elongated nthlkirsdrip direction be curved at the exit of rolling stand
and causing strip steering problem. Many other reasonsl@sb make asymmetries in width direction. For example,
inhomogeneous lubrication can create inhomogeneougfrieiong the strip width direction. Or an heterogenous
work-roll cooling can also make an varying temperatureritlistion along the work-roll axe. And as a result of
thermal dilatation, the work-roll apparent diameter is catstant and can make a various roll-gap...

Anyway, every asymmetry in width direction is not desiredheliefore, automatic control system attempts to
eliminate apparent asymmetric defects on the strip (dtitigt for example). In other words, the rolling process is
controlled to be as symmetric in width direction as possible

Top-bottom asymmetry: The rolling can be top-bottom asymmetric due to many reasank as a difference
of top and bottom work-rolls diameter, surface or roughpagiifference of their speed during rolling... One of the
obvious origins for the top-bottom asymmetry is the gravBgcause the strip is horizontal, the lubricant and coolant
are stored more easily on the top strip surface than on therhatide. Thus, the roll-bite friction and the heat exchange
coefficients are often top-bottom asymmetric.

This kind of asymmetry could generate appearing defecthestrip like ski-effect in hot rolling or bow-flatness
defect in cold rolling (the strip is curved in rolling dirémn). Rarely but there exist desired top-bottom asymmetrie
in rolling unlike the operator-motor sides asymmetriesdcBng [47] develops an allowing to quantify the ski-effect
amplitude du to top-bottom asymmetries. The author bringstwat the rolling with different work-rolls diameter
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should allow to decrease both roll force and power compavezytmetric rolling with a same average work-roll
diameter.

Remark: Only symmetric rolling is considered in this thesis becasanmetric defects are not what the present
study searches for. Even though asymmetric defects mayeinflithe width variation, our objective, they are not the
principle motivations.

2.1.2 Main objects to be modeled in rolling

The rolling process contains essentially a product, taoldyding two work-rolls, two back-up rolls...), a lubrica
tion system and a cooling system as can be shown in a simphfigdy Figure?2.3.

Strip - Roll-bite and out of roll-bite:  As the objective of rolling is to reduce the thickness, thipss deformed
plastically due to the pressure exerted by the work-rolte Jtrip part under contact is called the roll-bite. It is iolong
that what happens in the roll-bite is the main goal of any rhbdethe elastic deformation out-side the roll bite can be
also important. For example the distribution of tension idttv direction representing flatness varies significantlt o
side of the roll-bite. According to Saint Venant’s prin@pthe length of extending parts on both sides is comparable t
the strip width. In brief, it is necessary to model the strgfdve, in side and after the roll-bite as shown in Fig2u&

Tool: The tool is usually modeled as a system of a pair of work-@nlid/or another of back-up roll. Obviously,
only elastic deformation are expected in the tool at leashacroscopic scale. The micro plastic deformation is
inevitable because of the rough surfaces contact betwapmast work-roll, and between work-roll and backup-rofi. |
macroscopic scale, the work-roll is deformed in two diffénmodes called respectively flattening (radial and tarigkent
direction) and deflexion (roll axes direction). The modglof the work-roll deformation will be more explained in a
later sectiorR.4.

Contact surface - lubricant: The contact nature depends much on the presence or absdabdaznt. In many
hot rolling processes, no lubricant is injected to the sirigd work-roll contact. In these cases, the roll-bite isitcdted
by the work-roll scale layer and the strip scale layer duexidation of their surfaces at high temperature. Otherwise,
the hot rolling process is sometimes lubricated. Certadnly to the strip high temperature, the oil is burn rapidlyeonc
in contact with the strip and only a very thin film of residudlparticles stays and lubricates the roll-bite. This film
is extremely thin but could change completely the contatiinesand decrease drastically the friction coefficient. In
both cold or hot rolling the contact tribology is complicatend require sophisticated models depending on the study
objective. In the sectioB.2, some typical models for cold rolling will be mentioned.

Cooling system - Thermal phenomena:As mentioned in the section (s&€e2.4, the cooling system including
work-roll cooling and strip cooling is necessary to keeptdmaperature of the tool and the strip at reasonable levels.
However, it is not in a rolling model that the cooling systesmiodeled in detail. It is simply modeled as a heat
exchange fluxes on the cooling zones. And the heat exchaeffictants are usually identified independently.

2.1.3 A well-posed problem of rolling

The mathematical term well-posed problem stems from a diefingiven by J.Hadamard!]. He believed that
mathematical models of physical phenomena should havertipegies that: A solution exists. The solution is unique
and the solution behavior changes continuously with th&lrgonditions. In continuum mechanics, a problem is call
well-posed when:

1. In side modeled objects, the volume charges are given
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2. On all external surfaces of the modeled objects the bayratmditions are given and complete. On a surface,
the boundary conditions are considered as complete whea &ne three boundary conditions on the velocity
or (and) the stress corresponding to the three space dinsctin other word, the velocity and stress boundary
conditions are complementary on this surface.

3. Constitutive equations related to the materials behario defined. That includes elastic constitutive equation,
plasticization criterion and flow equations.

And in general, a well-posed mechanical problem resultsunique stress solution while the velocity solution is not
necessarily when the rigid body movements are possible.

Hereby, we will describe the rolling problem in a very gehease and with all necessary conditions to be a
well-posed one.

0O,
Lubrication /" ™.
/ R Work roll
h(¥) LN A
//'I/Entry part = z
_-"Roll bite |
o X

Figure 2.3: For symmetric rolling, only a quarter geomedrigalf of the thickness and a half the width, is necessary to
be modeled.

2.1.3.a Equilibrium

By neglecting the volume gravity force before the stress\ahtion of stress, the equilibrium equations in both
the strip and the roll are:

v

IS

=0 (2.1)

2.1.3.b Boundary conditions

Thanks to the symmetry hypotheses in both strip thicknedssaip width directions, only a quarter of the total
geometry is necessary to be modeled as shown in FRjGre

Work-roll boundary conditions

The work roll is driven by a motor. Its peripheral velocit¥ is given and controlled while the driving torque
provided by the motor, denotébrque, is a consequence. Not only in contact with the strip, thekwoll is also in
contact with the back-up roll for a 4-High stand. In point afw of the work-roll, the stresses on the contact surface
with the strip are given, they are consequence of the stififalder being deformed. The remaining surface is free
mechanically. The work-roll is blocked in rolling directi@x and strip width directiorOy. Its center position is
adjusted inOz by an automatic gauge control (AGC) in order to obtaineddngdted strip exit thickneds.

The thermal conditions are the heat exchange of differemtesin the whole surface of the roll: steel-steel contact
heat exchange with the strip and back-roll, heat exchantiewdrk-roll coolant (water or emulsidj heat exchange

1A mix of water with oil at more or less 1-2% of oil concentratjaused also to lubricate the roll-bite.
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with air otherwise. The radiation is negligible. On the @mttsurface, the friction is a heat generation source. In
general, the friction power is shared one part to the wolk-tee other to the strip with a given sharing coefficient.
This coefficient, very difficult to be identified is commonlgueal to 0.5.

Strip boundary conditions

Strip entry section: The entry section is the initial form of the strip before iedj. It can be rectangular with
given thicknesg, and given widthb,. And if the strip has an initial crown, its thickness profiegiven instead of,.
On this section the material moves with a homogenous vglotiblling direction, meaning:

uls, = Ve.e,.

V. is an unknown of the problem but the total entry tension (teguon S,) is given asl,.S, whereT, is the average
specific entry tension. All other stresses components drgmother words:

/ g.e, dS = T,See,.

e

Strip exit section: Similarly to the entry section, the velocity at the exit satis also homogeneous and un-
known. The nominal (average) exit thickness is given buikerthe entry section, the exit thickness profile and exit
width are unknown. And the exit total tension is given:

uls, = Vs.ey

/ g.e,dS = TsSse,.

S

Itis notable to remind that both velociti® andV; are not given and to be determined as results of the problem.

Boundary condition on symmetry planez = 0: If the whole strip is modeled, by definition, a top-bottom
symmetric velocity field verifies three followings condit®for every strip material point:

ux(x,y,2) = ux(x,y, —z)
uy(x,y,z) = uy(x,y, —z) (2.2)
uz(x,y,z) = —uz(x,y,—z)

Vx,vy,z. These equations imply thalt, y whenz — 0:

Oy oy

g(x,y,z =0)=0

auy N N (2.3)
g(x,y,z =0)=0

uy(x,y,z=0)=0

When only top half of the geometry is modeled, the velocitgdsto verify2.3and the velocity of the bottom half is
simply deduced using.2 In other words, the symmetry conditions on symmetry plare0 is given by2.3.

It is remarkable that the first two equations28can be also obtained by symmetry conditions on the rotatiten r
saying that on this symmetric surface the rotation rateamdy direction are null. To demonstrate that, it is enough to
rewrite the dedition of rotation rate tensor and multipljoithe normal vector of symmetry surfaee, to obtain the
rotation rate vector. The first two components of this ventast bel. Then using the third equation 8f3, we obtain
the same equations as3.
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Boundary conditions on symmetry planey = 0: The same, the boundary conditionpa= 0 symmetric plane
can be written asvx, z,

Oy _ _

W(x,y =0,z)=0

uy(x,y =0,z) =0 (2.4)
oy B B

W(x,y =0,z) =0

Strip edge surfacey = b(x,z): From the entry to the exit section through the roll-bite thiettv function
changes and in a general case, strip edge can be differemifgiraight section, meaning thats a function of both
x andz. This is a free surface on which that all stress field comptsae null:

a(x,y =b(x,z),z).n=0Vx,z (2.5)

Furthermore, at steady state the width surface is alsorstfieees. Thus, in terms of velocity field, the boundary
conditions can be written as:

ab
uy(x,y =b(x,z),z) = a(x,z).ux(x,y =b(x,z),z)
(2.6)

uz(x,y =b(x,z),z) = %(x,z).ux(x,y =b(x,z2),z)

Strip top surfacez = h(x,y): The thickness profile at the entry section is giveldy), thenk(x, y) becomes
unknown and varies during the area before the roll-bitehéndontact areh(x, y) is imposed by the work-roll shape
(within a constant because the work-roll position needsealétermined to obtain the strip exit thickness). After
the contacti(x, y) becomes free again and varies to the exit section where iitsrab value is equal to targeted exit
thicknesdi;.

The boundary condition on this surface is as follows: be&ore after the contact, the strip top surface is free:

g (x,y,h(x,y)) n=0Vx,y. (2.7)

Contact surface: In the contact area, the first boundary condition is that thp thickness is imposed by the
work-roll shapéi(x, i) issued from a work-roll deformation model (see the secidifior typical ones). This condition
fixes the deformation of the strip in the normal directioniButot enough because it does not describe what happensin
the tangential directions. Therefore, complementary damnconditions take over the two tangential stresses. eThes
conditions are given by a tribological model where the foictcoefficient can be isotropic or not, dependent of normal
stress or not or can vary as a function of sliding velocity @r.n (see some typical model in the sectib).

2.1.3.c Material constitutive equations

For the roll, the constitutive equation is simple becausedtiis only elastic deformation. For the strip, many models
build with rigid-plastic (RP) or slightly-compressive idgplastic [77] to avoid difficulties related to the incompress-
ibility in flow formulation. Some others use elastic-vistagiic (EVP) or thermal-EVP behavior. The thermal effects
are not only important for hot rolling through thermo-megttal coupling (influence of temperature on yield stress)
and also its influence on microstructure. For cold rollilgse effects are less primordial.

The constitutive equation is thus a key point of each modehdthg to take into account or to simplify the physic
of strip deformation. We will see in the secti@rBsome typical strip models.
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BUR characteristics
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Figure 2.4: lllustration of the coupling of strip, work-talnd tribology models.

2.1.4 Rolling model - A coupling of separated models

As described above, a rolling problem contains mainly ttot@iects to be modeled with very different natures of
involving physical phenomena. Until today there exist nagled model that resolves all coupling equations at the
same time. But each object is modeled separately and theewiadiel is a weak coupling of them.

Figure 2.4 shows the principle of coupling. Being more or less soptastid but almost every models in the
literature are built in this way. The strip model needs theeyetickness profildi.(v), exit targeted nominal thickness
hs, entry and exit average tensiofis Ts, material rheology and behavior law but also the work-riofijge and friction
coefficient. For the first iteration, we can assume a simpl&kwoll shape and a constant friction coefficient. This
model computes the contact geometry, the contact stressesemperature, velocity, stress and temperature fields
inside the strip. Then, the work-roll model uses the conggaimetry, stresses and temperature given by the strip
model to evaluate the work-roll shape. The tribological elagses also the contact pressures, contact velocity fields
and temperature to estimate the macroscopic friction aieffi along the roll-bite. We can hence feed the strip model
with this newly obtained work-roll shape and friction coeifint and start the second iteration... The convergende wil
be reached when the evolution of work-roll shape, contaotrgry and stresses, friction coefficient are enough stable
from one interaction to the next one.

2.2 Typical tribological models

Let start with tribological models for two reasons. The fissthat the equation giving the shear stress on the
contact surface is necessary for the understanding of gwutéon of strip models. Thus, for each presented strip
model a friction one will be cited. The second reason is thidplogical model can become very rapidly complicated
if we want to determine the friction stress based on the whpphkns on the contact surface in the roughness scale.
These problems can be in no way treated shortly in this sectitherefore, only some typical facts about friction
models will be cited here without much details.
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2.2.1 Dry friction
2.2.1.a Coulomb friction model

The classic rules of sliding friction were discovered by halo da Vinci (1452-1519), but remained unpublished
in his notebooks. They were then rediscovered by G. Amontb#@9) and the understanding of friction was further
developed by C-A. De Coulomb (1785). The sliding or kinetictfon were expressed as three empirical laws:

1. Amontons'’ first law: The force of friction is directly progtional to the applied load.
2. Amontons’ second law: The force of friction is independsfrithe apparent area of contact.

3. Coulomb’s law of friction: Kinetic friction is independeof the sliding velocity.

These laws led to popular Coulomb dry friction model for isighcontact as follows:

(2.8)

where the =" means that the friction force is in the opposite directiéthe relative sliding velocity denoted The
Coulomb friction model can, when the sliding happens betaniby a relation between the normal and tangential
stresseg;,, andt as follows:

T = —uoysign(v) (2.9)
wherey is the Coulomb friction coefficient. This friction model isost commonly used and usually referred to as dry
friction although it is used for dry contacts as well as baaumydand mixed lubricated contacts.

2.2.1.b Asperity contact theory of adhesive friction

Inelastic adhesion concept of friction - Bowden and Tabor 194 Considering that the classical frictional law
of Amontons was based on the projected or apparent area, é8oand Tabor (1954) were concerned with the real
area over which the two sliding bodies are in contact. Theaesa of contact is made up of a large number of small
regions of contact, called asperities or junctions of contarhere atom-to-atom contact takes place. Bowden and
Tabor showed that the force of friction between two slidingaces is strongly dependent on the real area of contact.
Assuming during a frictional sliding process a fully pladtow situation of all asperities, friction is found to chang
linearly with the applied load as demanded by Amontons 1&t La

Elastic adhesion concept of friction Archard 1953 Bowden and Tabor investigated on friction for a purely
elastic sliding process. They used a simplified single atyp@odel of contact based on the Hertzian elastic theory,
and found a non-linear friction-load dependenEe=f N2/3), which clearly contradicted Amontons 1st Law and the
experiments. It was Archard (1953), who recognized thatetlvgas indeed no contradiction. Instead of assuming
a constant number of asperities as Bowden and Tabor did,afdcissumed a load dependent number of asperities.
With this assumption the controversy between the elastitipleiasperity hypothesis and Amontons 1st Law could be
resolved.

2.2.2 Lubricated friction
2.2.2.a \Viscous friction model

Until lubrication was studied pragmatically, it was NikoRavlovich Petrov and Osborne Reynolds around 1880,
who recognized the hydrodynamic nature of lubrication, imtebduced a theory of fluid-film lubrication. Still today,
Reynolds’ steady state equation of fluid film lubricationegivby:

P (2.10)
hlub

is valid for hydrodynamic lubrication of thick films wheregtfrictional stress is proportional to both the sliding ety
v and the bulk fluid viscosity and inversely proportional to the film lubricant thicknégg,.
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Figure 2.5: Coulomb and viscous friction as a function Figure 2.6: Relation between friction stress and sliding
of sliding speed (sourcd]). speed according to Stribeck model (sourg.[

2.2.2.b Stribeck friction model

The hydrodynamic theory breaks down below a critical thedsithreshold that is expressed in the Stribeck-Curve
[107). Stribeck does not only take into account the fact that tagcsfriction is higher than the sliding friction but also
the dependence on sliding speed.

T = —sign(v) [t + (T — 7)) el — hiv (2.11)
lub
wherert is the friction stressy the sliding speedr, the Coulomb sliding friction stress; the maximum static friction
stress,y the sliding speed coefficient aridan exponent. The Stribeck friction model is illustrated igufe 2.6.
The Stribeck friction model can provide very good repreagon of the friction between sliding surfaces. It covers
everything from Coulomb friction to viscous depending oa thoice of parameter values.

2.2.3 Friction in cold rolling
2.2.3.a Cold rolling lubrication

Lubrication in cold rolling is mandatory to obtain high gtaurface quality and protection from wear. Thus, most of
cold rolling processes of automotive and packaging stegtept some skin-pass rolling, are lubricated using differ
lubricant types and technologies. A cold rolling lubricatican be classified into three regimes, as illustrated iarEig
2.7

1. Hydrodynamic regime happens when the oil film is thick egioto separate mostly the roughness of the work-
roll and that of the strip. In this regime, the strip surfagedther freely deformed so there is an apparition of
grain poly-crystallin structure on the strip surface aftdling. The friction coefficient is very low in this regime.

2. Limit regime is the one when the oil film is very thin and thér a strong steel-steel interaction between strip and
work-roll leading to very high friction coefficient. In thizase, the work-roll roughness is printed or transferred
onto the strip surface. After rolling, the grooves appeathanstrip surface with roughness pattern similar to that
of the work-roll.

3. Mixed regime with intermediate oil film thickness. Thexéstalternatively the limit and hydrodynamic contacts.
The friction coefficient is medium and the obtained striface is a mix of groove and bump areas.

In general, the cold rolling process aiming at making quitghtreduction and providing good strip quality is in
mixed regime for the best compromise between high qualitiasa and low friction coefficient. At the last stand of
automotive steel rolling when the strip roughness need wobé&rolled, the limit lubrication is required by using very
high work-roll roughness. This limit regime allows a goodrsfer of work-roll roughness onto the strip. Skin-pass
rolling is also usually in this regime for the same reason.
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Hydrodynamic regime Limit regime Mixed regime

Figure 2.7: Three regimes of cold rolling lubrication capend to three strip surface qualities.

2.2.3.b Adopted friction models for cold rolling

As mentioned above, the objective of this study concernsaaly the rolled strip and work-roll deformation but
less the tribology model. And in the point of view of strip nebdhe tribology model is an input giving the distribution
of the friction stress along the contact area. Then, if saraég interested in modeling of the whole system, with any
disposed tribology, it is possible to couple the three medslshowed in the secti@l.4 In the present thesis any
friction model can be classified into two families.

Load-linear-dependent friction model

T(x) = —p(x)on(x)dir (2(x)) (212
that includes the Coulomb'’s friction law stating thais constant as a function of sliding velocity.

Load-independent friction model
T(x) = —mxop(x)dir (v(x)) (2.13)
where difv) is the unity direction vector of the sliding velocityat the pointr. This model includes Tresca friction
law.

The coefficients distributiong(x) andm(x) can be more or less complicated. However, they are givenitby-tr
logical models as an input of our developed models.

2.3 Typical strip models

2.3.1 0D and 1D models - Analytical models

In the beginning of the 20th century when the computer seieration had never ever existed, there were many
efforts to develop analytical rolling models with objeetiwo estimate macroscopic rolling parameters such as rokfo
and torque. The OD models are those with analytical solufawll pressure and friction distribution. This solution
is sufficiently simple that the roll force and torque calteathby the integration of the roll pressure and friction can b
obtained analytically. Otherwise, when it is necessaryoteesnumerically the differential equations concerninfj ro
pressure along the roll-bite, they are 1D models. In thosagaispthe same physical simplifications such as plane strain
deformation, rigid-plastic behavior with constant streky slipping friction are generally used. Many of them us®a
the hypothesis of homogeneous deformation (slab methag) kasept the Orowan’s theor§§] and derived models.
And it is then in the nature of mathematical approximatidma these various slab method based models differ.

In order to understand the simplifications adopted by déffiéanalytical models, let’s study in the first place the
1D theory based on slab method.
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2.3.1.a Homogeneous deformation - Slab model

Hypotheses and simplified constitutive equation:

The first hypothesis is plane strain deformatiomplying that there is no deformation in width direction asttier
strain components as well as strain rate and stress fieldsoasant in strip width directio®y. This hypothesis
includes of course that the roll profile is straight or thd-galp is constant in width direction. The problem is thus a
2D one where all mechanical fields dependwandz direction. The plane strain condition can be written asofed,
Vx, z:

eyy(x,z) =0
{ i(ez) =0 (2.14)

T (%)

e

Figure 2.8: 2D illustration of slab method for a general wook shape.

The second hypothesis considers that the deformationsar®f@eneous the thickness direction all along the
roll-bite which implies therefore all mechanical fields apmstant strip thickness direction. In other words, a niter
vertical slab will stay vertical all along the roll-bite. Arthis is the reason why the method is called "slab method".
Furthermore, combining with plane strain hypothesis, waude that all mechanical fields are onhdependent. This
model becomes, thies1D model.

The third hypothesis consists in neglecting all shear seeShe stress tensor is, hence:

Oxx (%) 0 0
o= 0 ayy(x) 0 . (2.15)
N 0 0 02z (x)

The hydrostatic and deviatoric tensors related to thisstrensor are:

P = 1 [ounl®) + 0yy(x) + 02()] 1 2.16)
1 207y (x) — oy (x) — 022(x) 0 0
S= 3 0 20yy(x) — Oxx(X) — 0zz(x) 0 . (217
0 0 2022 (x) — oxx(x) — oyy(x)

The forth hypothesis says that the strip behavior is rigaspc with an yield stress depending on the strain and
strain rate. As these fields depend onlyxgthenoy(e, &) = op(x) ork(e, ¢) = k(x). The hypothesis announces also
that the material behavior verifies Von-Mises plastic cidte. Thus, under the roll-bite we can write:

2 5

1S = g(ro(x) = 2k*(x). (2.18)

119%)
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The Von Mises flow criterion says that:
S=Ad. (2.19)

This equation and the 2nd equation2ot4(plane straTn deformation hypothesis) imply tSgf = 0, thus:

_ Oxx (%) + 022(x)

ayy(x) — (2.20)
Finally, under these forth hypothesis, the stress tensobeaimplified as:

Oxx (%) 0 0

a(x,y,z) = [ 0 3 owx(x) + 022(x)] 0 } (2.21)
0 0 02z (X)
and the deviatoric tensor becomes:
1 Oxx(x) —02z(x) 0 0

S= 3 [ 0 0 0 } . (2.22)

0 0 0zz(x) — oxx(x)

By consequence, the Von Mises plastic criterigrl® deduces that:
[0 (x) — ‘TZZ(JC)}2 = 4K*(x)

And noting that the strip material is compressed more inkinéss direction than longitudinal one, g, (x) —
02z(x) > 0, we obtain as follows the simplified constitutive equatidéithe slab method:

Uxx(x) - UZZ(X) = Zk(x)‘ (2.23)
The stress tensor can be finally expressed by only one 1bl@fianction as follows:
Oxx () 0 0
0 0 Oxx(x) — 2k(x)

Equilibrium equations
The equilibrium inx direction of a slab under contact (see FigRr@ is written as:

d[oxx(x).h(x)] = (0n(x) siny — T(x) cosy) o5

then

d
Tx [0xx(x).h(x)] = oy (x) tany — T(x) (2.25)
where is the angle between the local normal veatoof contact surface and the vertical direction, positive by

convention. As the roll shapgx) is given,y can be also calculated as:

tany = —i (2.26)
Therefore, we can rewrite.25as follows:
d /
I [oxx(%).1(x)] = —ou(x)h (x) — T(x) (2.27)

The equilibrium inz direction of the same slab leads to:

0zz(x) dx = — (0n(x) cosy + T(x) siny)

cos 7y
that deduces: /
02z(x) = —oy(x) + T(x)h (x). (2.28)
By substituting?2.28into 2.23we obtain:
Tax(x) = 2k(x) — 0 (x) + T(x)H (%) (2.29)
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Friction law

As discussed previously, two families of friction models atudied: load dependent represente@ ipincluding
Coulomb’s dry model and load independent giver2biy3containing Tresca’s friction model. By definition, the neit
point is the point where the tangential velocity of stripfage velocity is equal to the roll one. Thus, before the redutr
point, the roll velocity is higher than that of the strip ar tfriction is conventionally positive and inversely it is
negative after.

Load dependent friction model:
Using2.12and the convention above, the friction can be written as:

T(x) = 2pu(x).0u(x) (2.30)

where: + before and— after the neutral point. A friction coefficient issued fronganeral tribological should be
in general form agi(x,y). Nevertheless in plane strain deformation, all mechariekls are independent of the
friction does either;y = p(x). We will keep this expression gf(x) in the latter equations even if in practice, all
0D and 1D existing models consider a constant friction altvegoll-bite due to the complexity of contact lubrication
modeling (see sectiah?2).

Using the equatio2.30and by eliminating themw,, in the equation®.27and2.29 we can obtain the following
ordinal differential equations afy, (x):

before neutral point:i [oxx(x).h(x)] = [oxx(x) — 2k(x)] px) + I ,(x)
dx 1= u(x)K (x)
) . (2.31)
after neutral point -—— [oxx(x).1(x)] = [oxx(x) — 2k(x)] %
Load independent friction model
Similarly, with 2.13and the convention above, the friction is given by:
T(x) = £m(x).0p(x). (2.32)

Also by eliminatingo;, in the equation®.27 and 2.29 the final ordinal differential equations of..(x) for load-
independent friction model (Tresca'’s friction la@)32are obtained as follows:

! /2
before neutral pOint%U’xx(X) = 2K(x) l—h (x) — m(x)%(x)]

(2.33)

P
after neutral point :dix(]’xx(x) - L+h (x)]

e [—h/(x)+m(x) 5

Boundary conditions and resolution algorithm

With the hypothesis that the stresses are homogeneoustiitkaess in the roll-bite, we deduce that at the entry
and exit of the roll-bite:
{ Uxx(Xe) =T

o(0) = T (2.34)

The equationg.31or 2.33and the boundary conditior®s34allow to determine completely the two curvesogf; (x),
one before and the other after the neutral point. The intéseof these two curves determines the neutral point.

This resolution is in our days very easy thanks to finite diffé method and the obtained calculation time could be
much less than few milliseconds with hundreds of slabs inrdhiebite. Nevertheless, the numerical resolution of the
previous equations seemed to be impossible during manyg before the existence of computer. For this reason, there
were many attempts to simplify them in order to develop atiedi/solutions.
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2.3.1.b Rigid-plastic slab based models

The very first investigation in rolling process is Karmantady [113 in 1925. He is the first who wrote out
the equilibrium of slabs under a form of differential eqoatas2.25 Karman is then considered as the pioneer and
founder of slabs method. Various simplification methodsowf ikarman equation lead to various solutions accordingly.
Using small angle approximation, Tselikol/[(J deduced a simplified integration considering entry, estitsions and
a rigid perfectly plastic material without work-hardeningnfortunately, when comparing the roll force with the
measurements, he used too high Coulomb friction coefficeft6. Nadai 1] also used small angle assumption but
applied for different friction laws: Coulomb, constant esiigh velocity dependent.

We can obviously remark that, depending on the complexiuyleffunctionh/(x) that the differential equations
2.31and2.33may have or not analytical solutions. Hence, one of the masingon simplification assumption is to
consider that the roll is circular so that the functioiix) can be expressed simply as:(x) = — tan# wheref is
the angle position (see Figuged). Before 1935, Karmani[L3, Siebel [LO( and Ekelund 4] considered rigid roll
with initial radius R while other authors, after 1935 mostly used Hithcock'swdac roll deformed radiu® ;. [46]
depending on the roll force (see sectidd). In some cases, as the strip model is simplified it can beledupith
Hitchcock’s model analytically or otherwise by iteratiorthod as explained in the secti@rl.4

To understand more in detail the foundation of these modktis, study the two analytical models proposed by
Bland & Ford [L6] and by Alexander]] correspondingly to Coulomb’s and Tresca’s friction laws.

Bland and Ford model

In 1948, Bland and FordLf] proposed an analytical solution in the case of circularkaail, homogenous defor-
mation, small angle assumption and Coulomb’s law with a @omdriction coefficient all along the roll bite. Under
the circular work-roll deformation and small angle assuons, we note that:

x = —Rsinf
dx = —Rcosfdf ~ —Rdd
I = s+ R(1— cos) = hs + ggz (2.35)
W = —tan@~ —6
And the equatior2.28implies that:
oz = =0+ TH (x) ~ —0y (14 ) ~ —0y..

Then, by replacingy, from 2.23into the final equatio2.31corresponding to Coulomb’s friction law, we obtain
(only the equation before the neutral point is studied beedloe one after will be deduced easily then):

d __ u—0
“Rdo [(2k + 037) h]) = ‘TZZW (2.36)
The left side term of this equation can be developed as:
d UZZ _ d UZZ d UZZ
2w (14 22| = —ckm) (14 22) 4 2kn s (). (2.37)

In the condition of small angle, the author highlighted tihet first term of the right hand side of the equat®87is
negligible before the second one. By the way, as the jgtr¥ 1, it is neglected in the equatich36and this equation
is then simplified as:
d (0 o
2kh 2 (ﬁ) = —Ros: (1 — 6).

We can rewrite this equation as:
d (0zz2\ 02z R(0—p)

a0 (E) =5k It %92 (2.38)
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or
d(%) _ R6dd  Rudf
% he+ 862 g+ 5627

d(%) _an , [R5 ®
e A T

7 14 562

Finally:

This equation has following analytical solution:

before neutral pointr,, = —2kh.K.e *H
after neutral pointr,, = —2kh.K,e"H

. | R R
with H = 2 Z—hSarctan <9 2_hs> .

2.3 Typical strip models

(2.39)

(2.40)

(2.41)

K. andK; are two constants defined by the two boundary conditionstay and exit as a function of entry and exit
tensions and flow stresses. The neutral point is then detedriy the equality of the two curves sigma,, before
and after neutral point given 841 As can be seen, Bland and Ford solution is analytical fon bwtgitudinal and
vertical stresses as well as the contact pressure distnibakong the roll bite. However, the roll force and torque ca

not be obtained analytically and need approximating nuca#yi

Alexander model

Always keeping the circular work-roll hypothesis but ueliBland and Ford, AlexandeZ][discards the assumption
of small angle and considers Tresca’s friction law (alstwitnstant friction coefficient along the roll bite) and dedl
material with constant yield stress (without work-haraeni Using2.35but without small angle approximation, the

equation2.33becomes (before neutral point):

dove 2k m
“Reosd @ = 1 [P0 3cos7)
which implies:
dove  2kR mkR
ke p sm9+hc059
or
doxx _ 2kdh n mk
0 I do (1 ¥ %) cosf — cos2 6

(2.42)

Finally by integrating analytically from the entry and siamly from the exit, Alexander obtains an analytical sajuti

as follows:

. h
before neutral pointyy = T, — 2kIn W + mk[G(6) — G(6,)]
e

after neutral point oy = Ts — 2k lnhﬁ — mkG(0)

S

In |tan 94- il + ;arctan tang
2 4 )2 . 2

(1+%

with G(6) =

R
R+ ks

2R
1+ 50

)

The contact pressure can be calculated from this solutidritenequatior2.29
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2.3.1.c Inhomogeneous deformation - Orowan theory

Unlike previous models, Orowa] discarded constant yield stress assumption and intrabstcain-stress curve
throughoy(0). Especially, he attempted to consider inhomogeneity obmie#tion in thickness direction based on
Prandtl's P2] and Nadai's theory§0]. According to Prandtl’s analytical stresses solutiontfoe problem of plane
strain compression between two parallel plates with stighriction, the shear stress is distributed linearly in $kab
thickness and therefore the relation between longitudindlvertical components is:

_ %z
V3h
5 ) (2.44)
Oxx :U—ZZ+7§0—OU1_ ﬁ

And Nadai’s solution for plane strain compression betweefiried plates with a sticking friction is quite similar but
he used polar co-ordinates instead of cartesian ones:

Oxz =

0'019

-3

Oxx =0 +i0\/1—19—2
xx — Uzz \/50 92.

Oxz =

(2.45)

o
= v

Figure 2.9: lllustration of Orowan model.

Orowan assumed that the rolling deformation resembled timepcession between inclined plates to take into
account heterogeneity of deformation in rolling. Moreg¥reradapted Nadai's solution for a general, slipping-siigk

friction law that is defined as follow:
A = min (1, ﬁw”)
0 (2.46)

o
40
T=+A—.
V3
He obtained finally:
d _ .
70 (Txx-h) = Rgeponsin® & Ry T cos 0
200 1 1 (2.47)
Tix=0n— —=WA,0) 7| ->——
Txx = On V3 (A, 0) =7 (9 tanG)
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wherer,, is defined as the averageafy in the strip thickness and/ (A, 6) is a geometrical function given by:

1= 2
W(A,0 st/ 1—A Cos§d§

It is important to note that with this friction law, Orowartlseory is able to model both slipping or sticking areas
alternatively along the roll-bite and that makes Orowamtii@dvantageous compared to previous ones. In general,
when the sticking friction occurs, it is first at the neutraim corresponding to the maximum pressure and expands
with increasing of friction coefficient to the entry and eXgurther, as can be seen, with the inhomogeneity of theiplast
flow taken into account the differential equatidg7are not more complicated than with assumption of homogeneou
compression (slab method). The resolution algorithm isettoee the same. The model showed excellent results
compared to Siebel and Lueg’s measuremerg][

Discussions

However, the computing time is significantly higher due te ihtegration computation d (A, 6). That is why
during several decades, being used as a standard agaim$t mhny other models are often compared, Orowan’s
theory has not been applied to mill design and operationusecaf expensive time needed for calculations.

Regarding inhomogeneity of deformation, it is certainlffidillt to judge if the rolling compression is similar to that
of inclined compression plates problem. It is however ie$éing to just highlight that in the chaptra new model of
inhomogeneous and non-linear plastic deformation willfteoduced. The deformation is supposed oscillation mode,
implying that the shear stress is strongly non-linear amillates with a period equal to strip thickness functigi).
These oscillation are obtained by carefam3-Tec3 finite-element method calculations as well asUBM . The
shear stress variation in thickness direction is indeedermomplicated than a linear relation.

2.3.1.d Orowan-based models

Since the publication of the Orowan model in 1943, a lot of kmeas carried out to explore or simplify its ap-
plication for gains of computing time3p, 111, 112 39, 82, 84]. Here following are presented two examples. The
frist one, Sims’s model, with full sticking friction is vefamous and largely used in industrial rolling process aantr
The other, recently developed attempts to keep more ofiti@saof Orowan theory concerning mixed friction and
work-hardening effect.

Sims model

Assuming full sticking with constant yield stress and snaalble approximation, SimslQJj solved Orowan’s
differential equation analytically and derived algebrfaienulae for roll pressure distribution, neutral angldl force

and torque as follow$:
2
= —0’0, /ZRdeféQf

/ [Raef h T
- _5 - Z ef n-2 _ =
Qf = 5 12 arctan ;7 hs > 1 (2.48)

2
Torque = —=09R ¢ R (0 — 26y) .

V3

2The formula is slightly different from that of D3] because of different notations
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Li's model

In 2006, based equally on the Orowan theory but unlike Simgtlal [67] discards the assumption of sticking
friction. They also use the small angle hypothesis and byrasgy that the functiori(A, 0) is independent of
that seem to be justified (see the graphid®fin the p. 20 of B6]). This function becomes a simple function of
A, W = W(A). By consequence algebraic equations of roll pressuresiffotfivard and backward slip zones have
been derived by solving the two Orowan equati@7 analytically. The roll force and torque are then integrated
numerically and the model is already fast because no irtiegraf w is needed. Further, by approaching the roll
pressure distribution as a quadratic functiorddfy part (before and after the neutral point), its is only seey to
compute the roll pressure at 5 points (2 before, 2 after amdéutral point) to get a quadratic approximation. The roll
force and torque are then analytical integration from tpisraximated solution. Finally this quadratic approxiroati
requires extremely low calculation time while its errorsmgmared to Orowan’s exact solution are lower than 1% for
rolling conditions of a 7-stand and 3-stand aluminium mills

2.3.1.e Taking into account elasticity - Bland and Ford 1952

After the Orowan theory and the simplification developmgestsne latter studies brought out the inaccuracy of
these models despite of their sophistication allowing fdltomogeneous deformation and slipping-sticking friction
This inaccuracy is indeed due to the elastic deformationcamdbe important for estimation of both roll force and
much more in the case of roll torque. It is predominately igent for small thickness reduction ratio, less than 10%.
Fordet al[37], Bland & Ford [L7] and Bland & Sims {5] made considerable modifications to the simplified theory of
cold rolling developed by Bland & FordLp]. Until the work of Bland and Force in 19527], non of the theories of
rolling, nor the calculations of roll force and torque haaken into account the effect of the elastic zones. Whileghes
elastic zones do not only have direct influence on the rolld@nd torque but also change the entry and exit tensions
of the plastic zone. Bland and Ford proposed a method foroappating these contributions of entry and exit elastic
zones to the roll force and torque.

Elastic recovery: Letstudy first their analysis for the elastic recovery zartbaexit. At first, the authors assume
plane strain deformation for all plastic and elastic zoegen if this hypothesis leads to a discontinuity of stresisgs
to the difference of Poisson’s coefficiemt= 0.3 in elastic zone an@.5 in yield criterion. They consider in elastic
recovery zone the longitudinal stress (tension) changesdiumuch and can be approximated constant and equal to
Ts. The vertical stress varies from a certain value at the lop@isit of the work-roll and becomdsat the last point of
contactx = a. The lowest point is also the last point of plastic deformatiAll shear stresses are neglected.

Bland and Ford consider in this elastic zone thgl; = v (oxx + 022) then by Hooke’s generalized law:

v(l4+v 1—12
€z = — (E )Uxx+ E Ozz
_ E v
Oz = mezz‘Fm(Txx‘

We remark that in fact this hypothesis is too strict becatifeedast point of contaat = a the plane strain deformation
is not really verified. This point will be discussed more ie thtter chaptev, section7.4.1 In fact, in this zone only
the variations of stresses verify plane strain hypothestsning:

1 1—12
VAV pp IV

Aezz=——F E

If the reference is chosen at the paint= 2 whereo,, = 0 and reminding thaf\o, ~ 0, we have:

1— 2
A€y, = TVUZZ- (2.49)

We will continue to use this weaker hypothesis instead ai@ktrain one because indeed it does not change the results
of Bland and Ford analysis.
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If Au, denotes the variation of vertical displacement on the upgpeface with respect to the reference point
x = a,z = hg, as the upper surface is in contact with the work-roll we have

Auy = — 2 _x?). 2.
U, T (a X ) (2.50)
And by definition,
h
Auy = / Aes, dz. (2.51)
0
By substituting the equatioris49and2.50into 2.51and using: ~ ks, 0, is constant in the thickness, we get:
R Y L 1—12
uz*_ZRdef (a _x)*/o E 02z =~ hs E Ozz
which deduces finally:
E 2 .2
= — . 2.52
Ozz 2 (1 — 1/2) Rdefhs (11 * ) ( )
Now, the yield criterion at the = 0 implies:
Oxx(x =0) —022(x =0) =k(0) = ks = 02z(x =0) ~ T; — k. (2.53)

By comparing two equatiorz52and2.53 we can determine as follows:

2 (1 —v?) Rypsh
2= 2l VE) /% (kT (2.54)

The contribution of this elastic zone to the roll force, toegand tension can be estimated by:

a Ea®
Pelﬂs _ _/ dx =
s 0 7 T 31— 02) Rgeshs
Gslus _ _‘uRpselas (255)
1
Tsplus — T, — ‘Z/lPSE as.
hs

Elastic compression at entry: With a similar analysis the authors obtain equally a paiahdiktribution of
vertical stress (similar t8.52) as follows:

E.L

__E  (pp_2\N~__ EL
201~ v2) Raephe (L X ) ~ =) R ox. (2.56)

Ozz = —

The first point of yield criterion is determined by, = T, — k, thus:

(1 - 1/2) Rdefhg
=—— (k-T, 2.57
O EL ( e) ( 5 )
whereL is the contact length. The contribution of this elastic coasgion zone to the roll force, torque and tension

are given by:

Sxe E.L (1 —v2) Raefhe
Pelﬂs:_/ — 2 _ k—T, 2.
e o =WY= a0 Ryofhe T A )
Gglus _ ‘uRPé’lﬂs (258)
Teplas —T,— “I/IPSZ”S'
he
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Discussions: This very first work taking into account the elasticity inlhag) showed out that the elastic zones
(especially the exit one) have an appreciative effect ordtes roll force and torque. And these results of Bland and
Force being completely analytical are largely used forralpplications. Nevertheless, this is not the exact swiuti
of slab method for elastic behavior because of many appratkms (small angle even for entry elastic compression
zone, small perturbations...). And the most important pibiat the authors also brought out is that in the plastic zone
the elastic component of strain is not taken into accountibyr model and it has never been done previously. Until
1968, Cosse et aP[] solved this problem by building the most complete modeklazn slab method for elasto-plastic
behavior.

2.3.1.f Elasto-plastic slab model - Cosse et al 1968

Cosse et al{7] assume the main hypotheses of slab method such as plaie swanogenous deformation in
thickness. They considers Coulomb slipping friction (niokshg) law with a constant friction coefficient along the
roll bite. On the other hand, they introduce elasto-plastibavior of rolled material by using the complete Prandtl-
Reuss equationgp]. The material behavior law depends equally on strain réogvang to model influence of rolling
speed. Moreover, the authors attempted to develop the renstal theory as possible by using non-circular work-roll
deformation model based on the influence functions metHodialg good performances even in the conditions small
reduction rolling.

Material mechanical behavior:
Based on literature studies, the authors use an analyaoa fhat takes into account work-hardening effect as
follows:

", 1%
) = 2+ oo™ 22 (2.59)

The dynamic effect can be taken into account through thenpetex B without impact on the resolution of equations
system.

Equilibrium equation:

The equilibrium equations for a slab are the sam@.83and2.28 As a reminder, the definition of the angje
representing the local normal vector of strip surfaceaasy = . According to us Cosse et al made small mistake in
their equilibrium equations usirjinstead ofy (7 # 8 for non-circular work-roll, see Figur.10 as follows:

d
Ir [oxx-h] = oy tanf — T = oy, (tan 6 — p) (2.60)
Oz = —0p — Ttan® = —0, (1 + ptanb).

However, this is not a big issue and could be easily corredtatbed, this fact does not influence the great interest of
this model which is how to deal with elasto-plastic behaviet follow the authors original equations.

The roll profile is represented by a various radius funcRé("B) which, unlike the Hitchcock curved radiw;, r,
is the real distance from a point on the roll surface to itse&enlfo understand the calculation of thickness/ilets
the targeted value of the minimum height of the roll gap (is #rticle,/, is given but not the outgoing heigh{ as in
other ones). The question is how to set the work-roll cergetical position in order to get this targeted minimum gap
as the roll is deformed. At first let fix the center so that tha-deformed half of roll gap is equal fp, meaning the
distance between the two rolls center2(8, + R) and as the roll is deformed the minimum height is equaltoSo
to get the minimum height df, we need to set a new position of the roll so that the half ofgap) with non-deformed
roll is:

hy = 2hy — hy. (2.61)

. Finally, the strip thickness can be calculated as follows:

h=2hy —hy + R — R (6) cos . (2.62)
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Figure 2.10: Cosse et al slab model for elasto-plastic behpavior and non-circular work-roll deformation.

By neglectingu tan 6 in the 2nd equation o2.60and substituting it into the 1st one, the authors obtairovalhg
equilibrium equation:

d 1| , dR’
Trx R 05;(sin6 — cos0) — oxx(R sin@ — cos 0—)] . (2.63)

o h do

Elasto-plastic compression:

This zone extends from the entry of the strip between the (@) and the minimum height in the gaf,]. The
general equations relating stresses and strains are thBsarwtl-Reuss/5):

1 o€ 1 )

5€XX = E [5Uxx — vV (5Uyy + 50’22)} + U’_OP |:0'xx - E (Uyy + Uzz)
1 5, 1 '

ey = 5 [60yy — v (8022 + b0xx)| + . Ty = 5 (022 + Oxx) (2.64)
1 ¢ 1 _

G = 602 = v (00w + b0y)] + 2 [azz 2 (Gt o)

The plane strain condition is:
Seyy = 0. (2.65)

In addition to the Prandtl-Reuss relationships, Von Miskestrity criterion is chosen. This criterion is, in the
condition of no shear stresses, given by:

(2.66)

\/(Uxx - Uyy)z + (Uyy - UZZ)Z + (Uzz - U)cx)2
op — 5 .

The strip material behavi@.59implies that:

5/\:5_EZ£(7 n-1 dog

2.67
o g 10 o (2.67)
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By definition:

e =In b (2.68)
he

Not showing here the details of calculations, we highlighiydhat the authors obtain from the equations above the
three final differential equations as follows:

dS,  R'(S:+Sy)(sin6 — pcos ) dsy
@0 2 —AG S~ 5
dSy A Gy —FS(2S; — Sy) dS; . G=Gi+FS:(25: — 5:) dSs (2.69)
i~ G 3G, do 3G, do '
s, A _ FS,(25:—S.) dSy
0~ G+FS,(S.—Sy) G+FS,(2S,—Sy) db
where
G=(1+4+v)E
Gy = (1—-2v)E
Sx = Oxx — O'yy
Sy = Oy
52 = 0z~ Oy , (2.70)
3n e
F= o (s2+52-5.5:)
_ R sin@ — %/ cos
h
Si+S2—5:5. =5, =07

The equation2.69are solutions for the elasto-plastic zone correspondirigegoart before the neutral point. For the
other part, the sign of friction coefficient inverses.

Elastic recovery: This zone extends frory to the exit of the contadi,. In this zone, the material behavior
follows Hooke’s law:

dexx = [daxx — vV (do'yy + do'zz)}

deyy = — [doyy — v (dozz + doyy)] (2.71)

== e

deZZ - E [do'zz il % (dU'xx + d(Tyy)]

and the plane strain condition implies,g = 0, hence:

Then, substituting@.72into the third equations dt.71, we have:
dezz _ 1 2 dO'ZZ daxx
WE{(l 1/) = v (1) =2 2.73)
Noting that the strip thickness is imposed by the work-rbése along this elastic zone, then:
dez;  1dh
0~ hde (2.74)

The equatior2.73becomes:
do,,  E 1dh v doyy

6 T—12hdo T1—v do
The equilibrium equatio2.63and the equatio@.75form a system of two differential equations which repredbat
solution in the elastic recovery zone.

(2.75)
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Roll flattening by influence functions method: The authors use the method proposed by Jortsidr fee the
section2.4.2.b

Resolution: Here following is the principles of numerical resolution:

1. In the first iteration, the roll is considered to be nonedefed and théyy = h,. In subsequent iterations, the
deformation of the roll corresponding to the pressure ithistion found in the preceding iteration is calculated.
The angled, as well as the minimum height, are then determined. The new position of the roll is estichate
with hy = 2hy — hy.

2. Determine entry angig
3. Chose initial value of neutral andig.

4. Solve the system of differential equatidh$9for the elasto-plastic compression zone using initial ¢hors
at = 6, asoxxy = T, andoyy = 0z; = 0. The system is solved numerically according to an improved
Runge-Kutta method?]. In each step, the instantaneous strain rate is calculmst@nd then the material law
parameter8 and/orn are deduced. Theis compared t@y to decide the sign of the friction. This sequence of
calculations is repeated undi.

5. Solve the differential equatio2s63and2.75 The initial conditions af = 6, are the stresses., ando, issued
from the exit of the elasto-plastic zone. The neutral po#t also be present in this zone so the thickrteiss
compared to the thickness; to decide the sign of friction in the equati@®63 This operation is repeated until
the value ofr;, reache9®, to within certain accuracy. The andlg as well asry, ando; are thus defined.

6. Compare the tensian.(6,) obtained to the exit tensidf. If they are not identical, it means that the vafue
is not correct. Chose a new valuef§ and restart the calculations from the step 4 (elasto-plastie) to step
6 until o, (6;) = T; within a given accuracy.

7. Calculate the foll force and compare to the values obthlnyetwo previous iterations. If they are less different
than a given precision, the solution is obtained. If notiaedrom step 1 with new contact stresses distribution.

Discussions:

Cosse and al proposed a very general theory for cold rollitly minimum as possible of assumptions both in
the strip and the roll. This elasto-plastic solution alla@vercome many questions previously put out, such as the
discontinuity ofo,,, at the limit between elastic and plastic zones because ¢tdrsson’s coefficient of 0.3 (for elastic
zone) and 0.5 (for plastic zone) in plane strain conditidtisreover, unlike Bland & Ford, the plane strain is correctly
written using the variation of strain is equal to zero. Thedelaan also be accommodated for any material behavior
law as well as any friction law (Tresca or Coulomb, contactariable along the roll bite...).

However, it is important to highlight that both Bland & ForddaCosse et al models neglect shear stress (issued
from assumption of homogeneous deformation) in the entxgtiel compression zone. That should not be correct.
Indeed, at the first contact point du to the brutal changeioktfess the shear stress can be very important despite it
can be concentrated in a really small zone. It could even ®denidin reason for the plastic yield at this point. That is
why we will propose a very new and simple model for this in thet®n7.3. The elastic recovery will be re-studied
in the same chapter because these elastic zones have pahmftdence on the width variation of the strip that is the
objective of the thesis. Cosse model will be the base for euelbpments concerning the influence of elasticity on the
width variation.

2.3.2 2D models

In cold temper rolling processes (skin-pass), as thickresdgction is usually very small, deformation is strongly
z-dependent with a concentration near the strip/roll captadhe same is true in hot strip rolling, in particular in the
roughing mill because of significant ratio thickness to eahtength. In the finishing section, the strains and steesse
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are more or less-independent in the last stands, but the strong temperatugling brings thez-coordinate back

in. 2D models are particularly required when we are intekgt flatness defects like longbow and crosshow in a
top-bottom asymmetric rolling (see Figu2ell). The longbow defect corresponding to a curvature alongstiap

is caused by inhomogeneous longitudinal heterogenowduasstress,, and crosshow representing by a curvature
across its width is due to heterogenous residual strgssin such cases, 1D approaches are inadequate and must be
replaced by plane strain 2D models, whereby fields dependspa@e variables andz.

=

Figure 2.11: Crosshow (left) and longbow (right) defects ttuhomogeneous residual stress in strip thickness.

In the literature, several types of methods are able to nfasetrequirements met. The first one is Finite Difference
Methods FDM ) [23] and [85]. Of courseFEM [63, 61] are useful to quote pioneering workekEM models are
generally quasi-static implicitf], sometimes dynamic explici6p]. And recently, the Element-Free Galerkin method
[116. These methods may use any kind of constitutive equatidin® last commonly used method for 2D rolling
is the Upper-Bound or Upper-Bound-like methods with velpdields based on streamlines generally, using either
visco-plastic or rigid-plastic slightly compressibléBM -based 2D models will be presented in the chapter

Unlike 1D models, 2D ones could approach physical solutidishiear strains and stresses without any assumption
as proposed by Orowan. Thedependence of velocity, strain, stress and temperateregually modeled and this
fact enables to predict profiles of residual stress didfidbun strip thickness as well as profiles of temperature and
microstructure. Moreover, they are able to deal with exitgeffects as well as unsteady state while 1D models are
confined to stabilized state. On the other hand, these matkeiaore time-consuming and there is not really significant
development of simplified solutions of 2D models except slB& -based ones.

2.3.3 3D models

When objective of the study concern residual stresseseflatdefects or when we are interested in the distribution
of any parameters in width directig@dy, 3D models become necessary. These models are also reqthissdise for
any case where the plane strain deformation is no longet,faliexample rolling process of relatively narrow and khic
products. Obviously, for the width variation, 3D models shide inevitable. The methods include generalized Upper
Bound Methods, such as Finite Strip Methods with rigid ptasehavior p9]. 3D models are ofteRDM [23, 85], and
widely FEM with dominantly implicit (58] and many others) or sometimes dynamic explicit formutagio

2.4 Typical work-roll deformation models

For a 4-High stand, the most commonly used in automotive aattaming steel rolling, the roll force is usually
applied at the ends of the backup-rolls. The work-rolls &te@same time under the contact pressure with the backup-
rolls and the strip. The roll torques are very often driveredily on the work-rolls. The work-roll deformation can be
separated into two modes. The first one, called bending igothéeformation in the transverse-vertical plaDgz, as
can be seen in Figurte8 The deformation of the roll axis generally can be calculdtg beam theory. That can result
to a deformed strip thickness profile with a maximum at theeesnd a slight decreasing toward the edges.

The second mode caused by strip contact pressure is calfteshiitey. That is the local deformation of the roll in
the planeDxz reducing in fact the distance of the work-roll surface matqroint to its axis. In addition, at the strip
edges the roll profile is locally reflected in the transversdival planeOyz because of the discontinuity of contact
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pressure (see Figu212. By consequence, the strip thickness is reduce more atlijese called ofteedge drop
phenomenon.

0,25

z{imm}

0.2+
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Figure 2.12: Work-roll flattening respectively in plane called non circular deformation along the roll-bite apd
called edge drop.

2.4.1 Bending and flattening in width directionOyz - 3D modeling

As mentioned above, 2D and 3D modeling is not the main sulojetite thesis, then it is so for the work-roll
deformation in 3D modeling. That is why although there exiany interesting works usirfgPDM , FEM and analytical
methods to model the bending and flattening at the edge ofripethey are not presented in this document.

On the other hand, we present only in some words about Tec8lanatbhdeformation model developed by Arcelor-
Mittal. Beam + influence functions for flattening in both péewz andyz. The combination oLam3 andTec3 becomes
referent model and will be used to estimate performance afatsadeveloped in this thesis.

2.4.2 Flattening models for 2D modeling
2.4.2.a Hitchcock model

The very first exiting model of roll deformation is Hithcoslone §6) for roll flattening. Based on the analysis of
the elastic Hertz contact, he considers the flattened @}l gtrcular in the roll-bite but with an increased radiusisTh
deformed radius is explicitly given by:

42
Rdef—R{l—kl Vrf]_

2.7
E, 6 (2.76)

Thanks to simplicity, satisfying results and the fact tie deformed roll is always circular allowing many simplifica
tions of strip models, this formula is largely used 1D and 26dels.

Latter, taking into account the elasticity in the deforroatof the stripseete section2.3.1.¢ Bland & Ford [L7]
introduced two additional contact arcs at entry and exihefroll bite under which the strip is only deformed elastical
Due to these elastic arcs the contact length is higher andiisegjuence the roll is less deformed for a same given roll
force. That is why they proposed to correct Hitchcock’s falaras follows:

—v? F

E (VIERFeR+VE)]

Rief = R |1+ ! (2.77)
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whered; andd, are defined as follows:

V(14 v,
5 = r E r) (Tshs — Teh,)
1 r 9 (2.78)
v
52:hs E : (ks—US)
r

Hitchcock’s model more and more valid if the rolled mateisaofter or the ratio thickness over roll diameter is higher
or the reduction is larger. This model is very commonly usetiat rolling domain including roughing as well as
finishing mills. For cold rolling, it is only valid the firstdands of automotive tandem mills. For rolling of packaging
products (very low thickness down @l 7mm) the roll is strongly deformed and can not be approachedibynibdel.

An other case where this model reaches is not accurate ipslsisrolling where the reduction is generally fro2%

to0 3%.

2.4.2.b Jortner model - Influence functions

Jortner model5$2] closely approximates the condition found in a 4-high milieve the back-up roll supplies the
balancing load. Making use of St. Venant's principle, it$samed that the actual location and distribution of the back
up pressure will have a negligible effect on the radial defations of points on the contact arc. Thus, this model was
based on the elementary problem of a cylinder subjectedatoelirical concentrated loads . Based on the exact elastic
deformation solution of this problem given by Timoshenkd &wvodier [L0g, Jortner integrated the radial strain along
a radius to obtain the radial deformation of an arbitrarynp6{ R, 6) as follow:

ur(R,0) =

.E,’
1—cosf . 1+ cosf 1—cosf
.2 (14 92
{(1 1/,) [Cosfﬂn T + 2] (1 Vr 21/,) sin @ [arctan "z + arctan - ] }

o,.2a

Figure 2.13: Plane-strain problem of a cylinder subjeatediametrically applied pressures over finite angle.

Replacing of the concentrate force by a continuous pressuoeer the small finite angl2a as shown in Figure
2.13 not only eliminates the infinite stresses and strains uttdepoint load but also permits an arbitrary pressure
distribution to be expressed in terms of finite incremengsfd®ming the integration involving equati@i79yields the
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following result when the point is outside the pressure aré@l, > a:

wr(R,0,0) = 5 [M(0-+ ) ~ M(0 —a) + N(0+2) = N(0 o)
with:
= ingln 105 (2.80)
M(¢) = (1 - vf) smélnm
N(§) = (1 V- 21/,2) cos G [arctan% + arctan %} .

When the poinf is inside the pressure ardé} < «, it is necessary to integrate from both sides but not goinopiggh
the pointS. The final result is:

7,(R,0,a) = (R, 0, &) — Z"g (1 e 2u3) . (2.81)
Lr

Finally, with the influence function established the defation of a point on the surface of the roll due to a specific
pressure distribution can be determined by a sum of finiteements.

In the same article, Jortner has coupled this roll deforomatiodel with a strip model based on Bland & Foid]
by iterative method as explained in the sectiboh.4 By comparing the roll and torque with sixteen experimehts,
obtained quite low errors but it is difficult to judge if thecacacy of the prediction is better than previous models.
However, it is felt that this method is at least as accuratkcamsiderably more general than other methods in use.

Remark: It is important to note that the author considered that tamtigd shearing stresses on the contact arc
have a negligible effect on the radial deformations. Thasfonly the radial deformation of the work-roll caused by
radial stress (main contributing factor) is considered fstarticle.

2.4.2.c Fleck and Johnson - Neutral zone existence

In the domain of thin metallic foil cold rolling (typicallyackaging product), according to slab mett#8.1.athe
evolution of normal stress along the roll bite is proporébio 1/ (x) and becomes therefore important for thin strip
especially around the neutral point. With classic slidirigtion, tangential stress is also important and itself esak
the normal stress increase more after resolution. Finthigynormal and tangential stresses are artificially inegas
around the neutral point. After, Fleck and Johns®®,[this phenomenon does not really exists because the vadirk-r
should be deformed under this concentrated contact stre$sey consider that there exist a region at the middle of
the roll bite where the strip thickness is not reduced. Thidfem was previously recognized by Quag][but Quan
assumed that the rolls remain circular.

1 \ Central zone z,
h e A ﬁ\_/é
B © D E E G hSI
A\ 4 >
O Xx

Figure 2.14: The roll bite is divided into 7 zones: Entry &éagone (A), entry plastic reduction zone (B), plastic
contained without reduction & slipping (C), elastic withalipping (D), elastic with slipping (E), exit plastic rection
zone (F) and exit elastic unloading (G).
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In Fleck and Johnson theory, the work roll is allowed to deféo a non-circular profile and the plastic reduction
occurs near entry and near exit of the roll bite, separateal égntral region where the strip does not suffer reduction
and does not slip relative to the work roll, see Figlred

For the work-roll deformation, based on Johnson and Be[#f]Istudy for the case of zero reduction, Fleck and

Johnson postulated that:
2
on(x) = poy/1— % — Ky (he — h(x)) (2.82)

wherepg is the maximum normal stress. This expression is Hertzidmiea adjusted by a "elastic foundation”
perturbation due to the local plastic reduction— /(x) of the foil at considered point. An&, is a "foundation
modulus" constant chosen to give a good match with the triermiation. The resolution method consists in writing in
each zone the governing equation of stresses and conticoodgions through successive zones. Iterative cal@nati
are required to determing), position and length of each zone.

Remark: This model is the first that introduce the presena®afreduction zone allowing to approach thin and
very thin rolling. However, it is not really advantageousese the strip thickness evolution is almost imposed and
because the model does not take neither into account theadrexit tensions nor the strip material work-hardening.

2.4.2.d Matsumoto

Matsumoto [ 2] is an elastic-plastic model with presence of a neutral zofiee difference compared to Fleck
and Johnson model is that, Matsumoto considers that theaheone is also the non-reduction one. The roll bite is
therefore composed of 5 zones instead of 7 by Fleck and Jolmsdel. In addition, he points out that in this zone, the
plastic thickness is constant by the real apparent thickise@riable due to the stress and elastic deformationti@ria
meaning the work-roll shape is not really constant, seergigiis

B Neutral zone ‘C D

Plastic thickness #’

A

Thicknesses

Actual thickness /

00 02 04 06 08 1.0

Exit [ ongitudinal coordinate & ENtry

Figure 2.15: In this figure, the roll bite entry is in the righdle. According to Matsumoto, the roll bite is divided into

5 zones: Entry elastic (D), entry plastic (C), neutral zorheut slip and without plastic deformation, exit plasti®) (
and exit elastic (A).

Matsumoto’s model based on influence function model for tbekwoll deformation and Orowan model for the
strip. But allowing to occur the neutral zone, Matsumotoaai®d a quite general rolling model for both cold and
temper rolling. His model is robust even for very low redaotsuch as 0.1% or even lower. He introduces equally a
numerical method using a fixed number of elements in the i@ldt a coordinaté that is standardized alwaysat
exit and1 and the entry. With this method, he obtains an influence métdlculated only once) instead of influence
function allowing to improve the computing time to less tlwere hundred ms.

2.5 Discussions

Online process control Although being developed long time ago, these analyticalefsthanks to their advan-
tage rapidly, are very largely used for industrial rollingppess preset and control. For example, Sims’s model with
sticking friction usually coupled with the Hitchcock’s melds very commonly used and gives excellent performances
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in strip or plate hot rolling where a high friction coefficiasccurs. However, when lubricant is applied, a significantl
lower friction occurs, that has been observed in hot rolifgteel P7], [109 and [88]. There were many developments
of simplified models and there will be more allowing to impeanore and more quality of online process control.

In cold rolling mill, in order to cover high range of reduatidlow reduction for hard and wide products) the elastic
spring back (elastic recovery zone) needs taking into atcdine models such as Bland & Fortd], [17] and Bryant
& Osborn [L9], [20] are generally used.

For skin-pass rolling with relatively high friction and shheeduction (about 0.2-3.0%) the elastic deformation
becomes extremely important. Sometime, the elastic deftiom may appear inside the roll-bitee the material
deformation is elastic and plastic alternatively. In aiddit due to a very small contact length the work-roll defotiora
is strongly non-circular. By consequence, the models takito account strip elasticity and non-circular deforroati
of the work-roll such as36, 72] could be enough accurate for this process.

Offline applications The 2D and 3D models are of course extremely important uteteting of physical phe-
nomena and to explore more in detail where the measurementetaccessible. These model are, therefore generally
used for pioneering studies of new subjects, or as a statdaalidate simplified models. They are sometimes used
for finding the causes of certain defects allowing then tgpse corrections process actions.
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Chapter 3

Upper Bound Method applied in rolling
process

This chapter presents in the first place the extremum priesiprhe Upper Bound
Method (UBM ) is one of these principles that is very largeded to model metal
forming processes. The second section presents the tgpiphtations of the UBM
to rolling process in plane strain condition (2D). The agaliion pointed out the
main advantages of UBM to be analytical (or almost), fast give interesting re-
sults. All along the chapter, the reader will see that thenpipal difficulty of the

method is how to build suitable kinematically admissibllesi¢y field for the con-

sidered problem. There exist two families of velocity fietahe with rigid body (slip

lines) and the other with continuous velocity field in thestiadeformation zone.
The UBM, allowing to estimate the velocity field, is furthereffrequently used to
model the width variation in rolling. Such 3D UBM models vii# presented in a
later chapters.
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3. Upper Bound Method applied in rolling process 3.1 Principle of thaJBM

3.1 Principle of the UBM

3.1.1 Extremum principles

Prager and Hodge®[l] formulated in 1951 the lower and upper bound theorems fdep#y plastic solids obeying
two flow laws Mises and Prandtl-Reuss. These theorems beestranely powerful to obtain approximate solution
to complicated boundary problems. It is largely used to rhatietal forming processes such as drawing, extrusion,
rolling... As the foundation of the theorems is similar foiskls and Prandtl-Reuss material behaviors and it is the
Mises one that is used in this thesis, here will be presetitedrtentioned extremum principles for Mises material
behavior law.

3.1.1.a Description of plastic problem

Let consider a domaif) deformed plastically with boundary conditions as shown iguFe 3.1 The material
particles on the portioss,, of the surfaces are made to move with given velocitf while the remaindef of the
surfaces is subjected to given surface stré&& Assuming that the whole domafd is in a state of plastic flow and
we desire to determine the stress figldr strain rate throughoutQ).

A stress field defined throughofit is statically admissibléf it satisfies
* the equilibrium conditior’V.g = 0 (equatior?.1)
« the plastic yield condition

2 5.
S$:S= gag in O (3.1)

* and the boundary condition
gn="TonSr. (3.2)

A strain rate field¢ defined throughouf is kinematically admissiblé it is derived from a velocity field which
satisfies N

* the condition of incompressibility
divu =tré =0in Q) (3.3)

« and boundary condition
u=u’ons,. (3.4)

I~

=

Figure 3.1: The problem on the body deformed plastically under velocity boundary conditiongnand stress (or
tension) condition oi$7. d = €.
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3.1.1.b Extremum theorems

Theorem 1: Among all statically admissible stress fieldshe actual one” maximizes the expression

I:/S o’ ds. (3.5)

u

Demonstration: First of all, we will remind the principle of virtual work. lteconsider the integral

/ oedV. (3.6)
LZi€

where is a virtual strain derived from a virtual displacetrfezid ¢ by

1
e = 5 (qrack + gradg) . @)

Since the stress tensor is symmetric, the integrargi@tan be written ag : gradg. Application of Green’s theorem
leads to: -
/ viedvV = [ o:gradgdv = [ cnéds — / YVoEdv. (3.8)
= = 0= == s=7 = Q ==

We can deduce from this equation by using the equilibriunddam 2.1 that

/Qg:ng: /Sg.g.gds. (3.9)

In the analogy of this result we can write also

/g:g’dV: o.
£-£ P

whereg is the strain rate associated with any virtual velocity field

N

udS. (3.10)

To prove theTheorem 1 let consider the differenc& — I wherel is defined by3.5 associated with some
statically admissibler and I associated with the actual stregs Since both stress tensors sati8fg we can write
this difference as follows

I"—I= / (¢" — g).nu'dS = /(g" —0).n.u"dS (3.11)
Sy — = s= =
whereu? denotes the actual velocity field. Applying the principlevafual work, 3.1Q we obtain

Poi= [ (o) etds (3.12)
with ¢ is the actual strain rate field. Sincette= 0 (3.3) on account of the incompressibility of the material and
according to Mises’ material flow law

=A

1en-
1195

(3.13)
with certain coefficieni > 0, we obtain

1“—1:/ si_s :é”dS:/ A

(8 =8)eas = [ A

Now, by Schwarz’ inequality (see for exampi])

5:8"</S:5,/8":S" =03 (3.15)

where the equality sign can hold onlydf= cS". Since botft andS” satisfy the yield conditio.1we deduce then
¢ = 1. Finally, we conclude that

57— 5) :§”d5:/ A(og — 5 : 5%) ds. (3.14)
§'-9):5 A S:$

F—1>0 (3.16)

where the equality can hold onlySf= S* which implies that the stress fieldsandc” can differ at most by a constant
hydrostatic pressure. The boundary condit®o® however, rules out such a difference. Thus, the relaion S°
implies thatz = ¢” except in the case whefg comprise the entiré.
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Theorem 2: Among all kinematically admissible strain rate fieldthe actual ong” minimizes the expression

_ /2 R d
]\@ao/n,/g. av — [ Tluds (3.17)

I,

Demonstration: Let consider

J—Jt = \/gao/o (Vere— /e e) dV—/STId. (u—u") ds. (3.18)

By transforming this difference in a manner similar to the¢d in provingrheorem 1we find

J— ) = \/?TO/Q (\/i— Ve ) dV—/Q%g'“ (¢—¢%) dv. (3.19)

Since Mises’ lanB.13 the coefficienfA can be obtained by

e g
A=y e = . (3.20)
Substituting this int@.19we have
VEE
J=-]"= \/ZTO/ — (3.21)
3 Q

According to Schwarz’ inequality, the numerator of the grend in3.21can not be negative, meaning that

J—J*>0. (3.22)

The equality can hold only i = c¢” wherec is a scalar factor of proportionality. In certain caseshsas where the

surfaceS comprises the entire surfaSeor u? = 0 on a non-emptg,... the strain rates are determined only to within
an arbitrary constant factor.

Discussion: Theorem lwas first proved by Hill §4] for the special case where the velocities were prescribed
over the entire surface adtheorem 2s due to Markov T0]. Both principles were preceded historically by Sadowsky’
heuristic principle of "maximum plastic resistanc8%] stating that among all statically admissible stress itlistions
the actual one requires a maximum external effort to mairttee flow. This principle led to correct results in certain
special cases. Hill has stated that in these cases, Sadewgsiciple coincides with Hill’s principle and in general
case it will not lead to correct relists even if ambiguity ¢snavoided in defining the term "effort".

Combination of both principles: The two theorems may be combined to yield upper and lower dmundeed,
using Mises flow equatioB.13 yield condition3.1and3.20we find

: 2
S \/;‘70\/2“ € (3.23)
2 [ caqy= [ s7:etdv = [ o7 : e _/a a
\/;70/0 e ¢ de/Qé.g dv = Qg.g dV = Sg,ﬂ_ﬂ ds (3.24)

which implies then

T = \/g(r()/ Ve erdv — [ T4yt ds = /g”.ﬂ.g” ds —/ " .nuds :/ oc’nudS=1% (3.25)
Q N - ST S— ST_ u

Theorems Bnd2 can therefore be combined as follows
I<I*=J"<]J. (3.26)

Thus,
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3. Upper Bound Method applied in rolling process 3.1 Principle of thaJBM

3.1.2 UBM applied to rolling process

Theorem 2 is largely used for metal forming processes likeusion, drawing or rolling in order to find an upper
bound estimation of external charge (tension or torque).afply this extremum principle to rolling process, the
following assumptions are necessary.

3.1.2.a Assumptions

1. Rigid work-roll: The work-roll is considered rigid and its shape (circulamot) is given as an input of the
problem.

2. Rigid-plastic strip: The strip mechanical behavior is considered rigid-plastich implies that all elastic de-
formations are neglected. This is an important hypothésisdimplifies what happens out of the roll-bite. As a
consequence of this assumption, the strip entry and exit pafore and after the roll-bite have no deformation
and move as rigid bodies. In other words, the velocity fielddmogenous and constant throughout these parts.
Thus, there are two surfaces of velocity discontinuity befand after the plastic deformation zofe The
surfaces are denotdd andI's (see Figure3.2 Their shape is not predetermined but depends on the chbice o
plastic velocity field. And the dissipation due to the disthoumity of velocity on these surfaces are added into the
plastic deformation of the functiohin theorem 2.

3. Tresca friction law: The studied problem includes both the strip and the work-fidie friction between them
is then an internal force. The Tresca friction l&.3is often used because the friction stress is known as a
function of the material yield stress. Therefore, its giation can be added into the functipim a similar way
as the dissipations dn, andT’;.

>
X
Figure 3.2: 2D modeling of rolling wittUBM . The plastic are& (clear-brown) is limited by the discontinuity surface

I, T's, contact surface and symmetry plane- 0. The form of this area and the discontinuity surfaces dependhe
choice of velocity field in this area. They are outputs (re3wdf the model.

3.1.2.b Statement of thaJBM for rolling process

With the previous assumptiontheorem 2(3.17) states that among all kinematically admissible velocigydf u
the actual one minimizes the expression:

. oo d
— .d0 / 20 1A/ dS / A dS—/ T 1. dS 3.27
J(u) /ane(z) + 5, V3 |Aul| dS + sCTH || o L (3.27)
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3. Upper Bound Method applied in rolling process 3.2 Velocity fields with rigid bodies motions

where ] represents the externally supplied power on the igjljs the yield stress,‘% is shear yield stresg; is

equivalent strain rateyu is the velocity discontinuity on the surfacgg of the strip material including, andT’s, Au,
the difference between strip material velocity and workelocity on the contact surfacg.. The first term of the
right side of3.27corresponds to the power of plastic deformation due to thémwoeous deformation insid®, denoted
Je. The second term is the power of plastic dissipation on thiases of velocity discontinuity, denotdd,,. Sum of
these two terms is the total plastic deformation poyygf = Je + Ja,. The third one is the friction dissipation power,
Jric and the last term is the external work power (entry and ergitns) Jien.

3.1.2.c 2D rollingUBM -based models in literature

As the set of the kinematically admissible forms an infirdisension space, the optimization problem (Theorem 2)
to find out the optimum velocity field needs simplifying. Ireptice, a family of velocity fields with few parameters is
studied of which the velocity field minimizing the power fuion defined by3.27is the best approximation of the real
one. TheUBM result depends, thus strongly on the choice and constructivelocity fields. In literature, the authors
apply this method to rolling using different families of velty fields. It is possible to classify them into two catager
of velocity fields. The first one consider rigid bodies vetpdield (called also slip lines because the deformation
concentrates on some shear lines) and the second one antligzalastic deformation zone with continuous velocity
field.

3.2 \Velocity fields with rigid bodies motions

3.2.1 Simulated sliding theory and experiments

Most of metals have a crystalline microstructure, the bighaof which in plastic deformation consists of glide
packages having slipped inside a grain. Deformation oclarsst entirely on slip surfaces while the material between
them remains practically unaffected. This theory of sintedasliding in microscopic scale has already been applied fo
a long time in continuous plastic deformation of metal. 17&9Piispanend9] stated also that the plastic deformation
of rigid plastic material is also macroscopically inhomngeus. The author performed experiments on hot rolling
process using miniature rollers. The bar was rolled untilticwity is attained in the strain process. After the rglin
test, the rolled bar emerging surface was polished but mbedtso that only marks from deformation showed. The
roller and test bar were then placed on the specimen stagaetfalurgical microscope allowing to take metallographic
images continuously during the process.

For the test A (see Figui23- Fig 7 of [89], page 48), the author observed that the configuration egllvegun to
appear at points B and G in Figuse3(a). As rolling continued the deformation area grew but thasof deformations
appeared in four deformation zones as showed in Figui®). Almost no deformation was observed inside the four
zones but the deformation concentrated only on the slig I{fimits between the areas) resembling the letter X.

Figure 3.3: Test AR = 10mm, 2h, = 2.5mm,2h; = 2.08mm, contact length is estimatdd= /R(2h, — 2h;) =
2.05mm. The test bar was recrystallized annealed 0.15% C mild.steel
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3. Upper Bound Method applied in rolling process 3.2 Velocity fields with rigid bodies motions

Test A B C D E F G
R(mm) 10.0 23.84 23.84 10.34 240 24.0 100
2h,(mm) | 250 3.374 3.440 1.800 3.43 3.00 4.86
2hs(mm) | 2.08 3.330 3.330 1.380 3.00 2.80 4.p2
L(mm) 205 1.020 1.619 2.084 3.21 219 8.00

Table 3.1: Series of experiments performed by Piispaféh [

Other rolling parameters showed in TaBBld were also experimented. Except the test D where two bars pugre
one on the other and rolled at the same time, the concentratideformation on the slip lines was confirmed for all
the tests B, C, E (see FiguBe4 for the result of the test C). The same result was observethétest F which is a
second rolling pass using the rolled bar after the test E.

= c B __——
5
\
\ K
o5 iy e ——}c -
/
i
o G

Figure 3.4: Test CR = 23.84mm, 2h, = 3.44mm 2hs = 3.33mm, L = 1.62mm. The test bar was a recrystallization
annealed 1% Cr, 1% Si steel.

Since these interesting results, the author proposed a bpped model considering that the deformation is con-
centrated on the shear slip lines, that is called later ianigular velocity field. The details of this model will be
presented in a following secti@2.3

rR=100

Figure 3.5: Test GR = 100mm, 2h, = 4.86mm,2h; = 4.22mm, L. = 8.00mm. The test bar was an annealed 0.15%
C mild steel.

The test G is quite different where the contact length iséwiigher than the strip thickness and Fig8rgéshowed
a clear deformation in the zone BAG at the entry side. Thelgistr X of deformation concentration occurs only a
half of the contact length and we may expect another one leet@d D1CD. However, the deformation observed was
not clear. This difference is not random. We will see latait this better to apply multitriangular velocity field in i
case. Furthermore, in the next chapter a &M model with continuous velocity field with shear concentraton
certain slip zones allows also to explain why when the canésgth is twice the strip thickness we expect to have two
letter X.
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3. Upper Bound Method applied in rolling process 3.2 Velocity fields with rigid bodies motions

3.2.2 Concept for analysis of linear and rotational velocif fields

Avitzur and Pachla](] investigates an upper bound approach to plan strain defitwmof a rigid - perfectly plastic
material where the deformation region is divided into aéimitimber of rigid triangular bodies that slide with respect t
one another. By consequence, there is no continuous pthefticmation power and all the plastic deformation power
concentrates on the surfaces of velocity discontinuitynasther words the first term of the equatidr27is equal to
zero and the second one represents the total plastic poWwerathors give the concept and specific equation for the
three general cases of neighboring rigid body zones wheredhes are both in rotational motion (case 1), one in
linear, the other in rotational motion (case 2) and bothriedir motion (case 3). The shape of the surface of velocity
discontinuity and the shear power losses are clearly ptedeAs a result of this article, when one of the rigid bodies
exhibit rotational motion, the surface of velocity disdomnity is found to be cylindrical (circular in the plan stnai
study) and it is planar in the case with both bodies in lineatiom. The velocity discontinuity is found to be constant
along the entire surface of velocity discontinuity.

Even though Avitzur and Pachla(] are not the first who study rolling process by rigid bodi#BM , but their
study synthesized the concept and gave powerful tool toldevaore complex rigid bodiesdBM models for metal
forming processes at that time. The concept is applicabsrip drawing, extrusion, forging, rolling, leveling and
machining. The same authors presents then the applicatfdhs concept to drawing, cutting and rolling processes
in[11].

Remark: It is assumed that in order to get higher accuracy an attehmild be made to have the assumed
velocity field resemble to the actual one as closely as plesditowever, even when the assumed velocity is inaccurate,
the power consumption calculated based on that field wilbggoroximate the actual power. This family of rigid bodies
velocities allows only to have an estimation of power butvadocity field.

3.2.3 Unitriangular velocity field

Johnson and Mellorq1] analyzed strip rolling by the unitriangular velocity figbdised on the curvilinear triangle,
opening a new avenue of approach, @M in rolling. As can be seen in Figu®6, the strip is divided into three
zones. Two zones before and after the roll-bite are in lingation with a velocityV, andV;. And the triangular zone
under the roll-bite is in rotational motion around the wadi-centerO. with a rotational velocityw. Applying the
concept of Avitzur and Pachlad (], the surfaces of velocity discontinuity Adéhd PBare circular corresponding to the
centerO; on the axe®z at vertical positiorz; and radiusq andO, on the axe®z at vertical positiorz; and radius

ra.

Geometrical parameters: We will see here below that all geometrical parametgrs;, z, andr, can be ex-
pressed by the only onep (that we chose arbitrarily). Indeed, the fact that the moiitand P belong to the arc
(Oq,11) implies

A012 = (xl — XA)Z + (Zl — ZA)Z == 1’% = L2 + (Zl — hg)z (328)
PO12 = (xp—xp)?+(z1—2zp)? &P =x3 422 (3.29)
Comparing the right side of these two equations we obtain

L2+ h?—x3

o (3.30)

z1(xp) =

Thus, the position 00, and the radius; are expressed as functionsxgf thanks to3.30and3.29 Similarly for the
arc PBwe obtain

h? + x3
) = 25 (3.31)
Zz(Xp) = hs — Tz(Xp) (332)
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3. Upper Bound Method applied in rolling process 3.2 Velocity fields with rigid bodies motions

v

Figure 3.6: Strip rolling - The unitriangular velocity field

And by consequence the length of the a/r;:\sdkiél/ﬁBare complectly determined as a functionspf

(L+ xp)2 + hg
21’1

AP
//A-IS = 2r7 arcsin o = 2rq arcsin

1
(3.33)
—~ B V¥ + 2
B = 2r, arcsin — = 2rp arcsin ——.
21’2 21’2

Velocity discontinuities As stated Avitzur and Pachlda (], the velocity discontinuities are constant all along
these arcs. They will be obtained as a function of geométpaeameterxp and the rotational velocityw of the
triangular rigid body. Noting thaVy = wAO, since the uniformity of the triangledV4AV4p and AO1 0, (see

Figure3.6) we can obtain the entry velocity and the velocity discamtinover APas follows

(3.34)

Of course, with similar analysis the exit velocity and théoedy discontinuity over PBre

Ve = [z — za(xp)] w
{ AVPB = Tz(JCp)(/J. (335)

Calculations of powers: By definition of the velocity field, it is obvious that the cantous plastic deformation
powerJ¢ is equal to 0. All plastic power is concentrated on the s@daaf velocity discontinuity. Using the second

equations o0B.34and3.35 this power can be obtained as

]Au = % [@AVAI) + IS\BAVPB} = %w [/-IS(XP)Tl (Xp) + IS\B(XP)Tz(Xp)} . (336)
If we note o s R
Pau(xp) = —=w [AP(xp)r1(xp) + PB(xp)ra(xp)] (3.37)

S
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3. Upper Bound Method applied in rolling process 3.2 Velocity fields with rigid bodies motions

the power of velocity discontinuity can be expressed by

]Au(wrxp) = PAu(xp)w' (3.38)

The friction power is given by

00 (3.39)
—Y AB.
V3

And using the first equations 8f34and3.35the power supplied by entry and exit tensions can be writyen b

{ ]fric(w/ xp) = Pfric‘w — Wl

wherePs,;. = m

]ten(w/ xp) = —ToheVe + Tshs Ve = Prepw (3 40)

Wherepten = _Tehe [ZC - Zl (xp)} + Tshs [ZC - Zz(Xp)} . .
Finally the power function defined by the equat®a7is, thus obtained

J(w, xp) = Pay(xp)w + Prriclw — we| — Pren(xp)w (3.41)

or

[PAu(xp) — Pren(xp) — Pfric} w — Pricwe if w<we
J(w, xp) = . (3.42)
[PAu(xp) — Pren(xp) + Pfric} w + Prricwe if w > we

Optimum power:  The power functiony(w, x,) given by3.42is a function of two independent parametefs
andw. With respect tav this function is linear and has a minimum at the paint= w, if and only if the slope is
negative before and positive after this point. In other 8oftw, x,) has a minimum with respect to if and only if

- Pfric < PAu(xp) - Pten(xp) < Pfric (3-43)

and the minimum is obtained when the rigid body rotates wihrae velocity as that of the work-roll. In this case, the
power function becomes 1-variable function

]1(x}7) = ]((’JC/ xp) = [PAu(xp) - Pten(xp)} We (3.44)

whereP,(xp) andPy,(xp) are given by3.37 3.40

Optimization of this 1-variable function gives an minimumpper bound approach of the supplied power. The
results of this model will be compared to the slabs velocdidfin the sectior.5.

Approach of roll force:  On the shear arcd P and andPB the shear stress amplitude is equal to the material
yield shear stredsas showed in Figurg.7. Let consider first the arc ABnd consider that the shear strkss constant

a_Ic;ng this arc. It is obvious that the total tangential foﬁe integral of shear stress alor/@ Ada vector parallel to
PA or .
= /A kdl = kPA. (3.45)
PA

Similarly, the normal force?n which is the integral of normal stress is perpendiculaﬁtg

If now, we consider that the force exerted by the roll on thip $6 vertical (because the resulting force alonig,
in a real rolling condition, much smaller than the one irection), this force must satisfy the condition as sholwged
three green vectors in FiguBe7. By uniformity of triangles forming by the three green foneectors and thet A'P
(A/ is the projection ofA on Ox, we can write following relation

Fap _ F

== = —. 3.46
AP he .

A

ArcelorMittal  Quang-Tien Ngo - 2015 60



3. Upper Bound Method applied in rolling process 3.2 Velocity fields with rigid bodies motions

v

O X

Figure 3.7: Calculating of roll force for unitriangular weity field approach.

Using3.45andAP” = h% + (L + xp)? the equatior8.46implies

—=2
k.AP L 2
Fap = — g [ 4 LExR)]] (3.47)
hg he
The forceFpg can be derived in a same way
x2
Fpg =k |hs+ 2] . (3.48)
hs
And the total force is obtained
F = Fap + Fpp. (3.49)

3.2.4 Multitriangular velocity field

For cold rolling, the contactlength is generally severaks higher than the strip thickness, the unitriangle amtroa
is less realistic. Camurri and Lavanct®?] in 1984 applied the upper bound method with slip line velpfield to cold
strip rolling by introducing multitriangles slip lines. ®model has been reanalyzed by Avitzur, Talbert and Gordon
[12] by using the concept presented ir].

Figure 3.8: The multitriangular velocity field for strip holg.

Figure 3.8 shows the application of the multitriangular velocity fiettithe process of strip rolling. Within the
curvilinear triangles with apexel; on the plane of symmetry, a rotational velocity field prevaiOther triangles
with their bases on the plane of symmetry and apexes on tfi@csunf the roll, bound the regions of linear motion

A
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3. Upper Bound Method applied in rolling process 3.3 2D continuous velocity fields

parallel to the plane of symmetry. According to the analpsigvitzur and Pachla](], the axes of symmetry of all

the cylindrical surfaces of velocity discontinuity areusited along the-axis. Each of the curvilinear triangles can be
treated separately as a unitriangle problem. When the upmerds for each triangle are computed and added together,
the total power is obtained.

There are several ways to optimize such a system. Avitzdpefiaand Gordon12] propose to chose at the
beginning arbitrarily the pointgl; and B; then the positions oP; is optimized for each triangle separately as for the
unitriangular case. For each single triangle, the powectfan is only optimize with respect top, but not tow;
becausev; needs satisfying flow rate conservation condition and salfixken treating each separated triangle. The
powers of each triangle are then added together to obtailothlepower. Next, the positions of; andB; are selected
along the roll surface and now positions Bfcorresponding to the separated triangle optimum are fonddugper
bound approach is finally evaluated.

In this case of multitriangular velocity field, the meaninigtiee neutral region becomes evident. To fulfill the
volume constancy requirement, the angular velocitieincrease as the material moves forwards the exit. When the
global optimum occurs, among the treated rigid body tridagegions there is one that rotates with the same rotdtiona
velocity as the work-roll. The segment between the pdinandB; f this triangle represents the neutral zone.

3.3 2D continuous velocity fields

3.3.1 Continuous eccentric velocity field

Velocity field

Avitzur [5, 6, 7] performed several analyses with includid®M to cold strip rolling. The author proposed, for the
first time, a continuous velocity field that let us call "ect@! velocity field. This field is described as: Cylindrical
symmetry exists along each arc connecting any two symnaépmints on the opposing rolls. The arcs are eccentric
and each one meets the roll surfaces at right angles. Thesraflthese arcs increases as the material point advances
further toward the exit (see Figuge9). The velocity of each material point on an arc is on the dioaoof the radius of
the arc (passing through the arc center). On the entry arfa¢suof velocity discontinuity), the condition of contity
of normal velocity through the entry arc implies

u(6,,9) = V,cos 9. (3.50)

This velocity decreases whéhincreases frond to 6,. In the same analogy, the velocity at any other materialtpsin
given by

u(6,9) = A(6) cos d.
As the velocity is, by construction, tangential to the wook-surface, the only condition so that the velocity field is
kinematically admissible is the incompressibility or thexflrate constancy written as

Cool = /09 A(0) cos 0.r(0) d® = A(0)r(6) sin 0 = A(0).h(6) (3.51)

wherer is the radius of the arc anlis the angle of the arc length (equal to the angular positioth® point P,
intersection of the arc with the work-roll). We deduce then

A(9) = ;(”9"; (3.52)
and therefore c
_ ool
u(6,9) = 7o) cos 9. (3.53)

Calculating of power functions

Based on the hypotheses of small angle, the author simplifeedelocity as follows: each material point on a same
arc has identical speed and forward all to the center of thefard here following are the power function obtained.
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Figure 3.9: Continuous eccentric velocity field.

Power of continuous plastic deformation: After some mathematical developments the author obtain

2 he
]6 = %Uocvol In h_s (354)

In fact, as can be seen in Figused, an arc at the entry of plastic zone will stay an arc. Onlyiite gheight) becomes
smaller when the material point moves forward the exit. Tlastit power obtained can be understood as the power to
deform the material from, to /s under plane strain condition without shear deformations.

Power of velocity discontinuity at entry: The velocity discontinuity at the entry arc is equalMgsin ¢, using
the hypothesis of small angle the power of velocity disaasity can be computed as

og [b . 0o
Taw = %/0 Vesindredd = “LVere(1 - cos ). (3.55)

wherer, is the radius of the entry arc defined by, = h,. Thus,

0p

1 o
Jou = —EVere(562) = 5= 7=Coolf (3.56)

=3/

with 6, ~

2(he—hs)
-

Power of friction:  The difference of velocity between the strip and the rolllo& tontact surface is

Ay:u—VC:LOé—

c

A
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3. Upper Bound Method applied in rolling process

Therefore, the friction power is

Oe maoy Cool

0 = — | ———— -V, | Rd#
Ifrzc 0 \/§ hs+§92 C|

3.3 2D continuous velocity fields

maoy -/9” Cool /9" Cool
= — —— — V.| Rdo + Vo.———— | Rdo
V3 |Jo <hs + Re2 “) 6.\ hs+R62
o - 0 c c (3.57)
0 " vol vol
— % |y R(g, — 26 +/ _ ool _pag— [ Sl R
N (e =26n) + J, hs + B2 6. hs + R62
moy | [2R R | R
— 730 VeR(6, — 26,) — Cyyy . {arctan < Z—hS()g> — 2arctan < Z—hSGn> }]
By noting that
R
he = hs + 593
it can be deduced that
R he
2—}1598 h_s - ].
Power of the tensions: The following formula is valid for all 2D velocity fields
Itgn = (TS - Te) CUOZ' (3.58)

Optimization of total power functions:
0., the flow rate can be given by

Cvol = Vchn = Vchs <1

By writing the equality of strip and work-roll velocity atémeutral point

R6?

o (3.59)

+

).

The total power becomes a function of unique parantgtand the optimum solution is analytically obtained as fodow

R _]. hg Zhs hg ]. Zhs he
“2_}159” =3 {arctan’/h—s—l—mwﬁ [lnh_s_‘_ZHT h_s_l_

TS_

> Le (3.60)
V3%

I

3.3.2 Continuous simple velocity field

Bouharaoua andl [18] study a symmetric rolling of flat and thin sheets. The awthzased on a hypothesis that a
material vertical cross section will stay vertical all adptie roll-bite. This hypothesis is equivalent to the onehef t
slab method. The difference is that tHBM approaches by velocity field and the slab method bases ofréss field.
The hypothesis of homogenous deformation implies obwviotinslt the longitudinal velocity:, is constant across the
thickness direction and depends onlyxrThen, the incompressibility of the material deduces thatertical velocity

u is linear inz. The authors obtain a velocity field as follows

Cvol
TEY
/ (3.61)
U, = h (x)cvol
T R(x)
P
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whereC,,; denotes the flow rate of the rolled material through an acsesson. The flow rate must be constant and
equal toC,,; = V,h, = Vihs. Itis unique parameter to determine. The thickness funétia) in the case of circular

work-roll is defined as
h(x) = R+hs — V/R? — x2 (3.62)

/ —X
h(x) = N

This field is called "simple" because it is deduced quitealiyerom the hypothesis of homogeneity of longitudinal
deformation across the thickness direction and the incessiility of the material. Nevertheless, we will see later
that this field is the same as the elliptical flow lines introeldiin3.3.5

Since in independence of, in z, the surfaces of velocity discontinuity at entry and eXit,andT’; are both
vertical. Moreover, at the exit = 0, ash’(O) = 0 the vertical velocity is equal to zero. In other words, thiogiy
discontinuity does not really occurs brneveniifl'; is always the limits between plastic and elastic zones. Vdlcity
field is illustrated in Figurs.1Q

and its derivative is obtained
(3.63)

X

Figure 3.10: Continuous simple velocity field with homogesdeformation across the thickness. IASO) = 0 the
velocity is continuous at the exit.

Calculating of power functions

Bouharaoua andl [18] did developed as far as possible to get analytical exprass all the power functions.
However, they obtained the continuous plastic deformagimmer]: as a double integral with respectit@ndz. Here
will be presented results of our development to get analysiolution for the integral im and obtain an expression of
Je as a single integral with respect:to

Power of continuous plastic deformation: After the calculations presented in the apperilik we have:

09 0 44 (11 + 12) dx
=D c / Lt p ()| &
Je=23Cw |2t FAVAR

(3.64)

where , .
{ I =|hh —2h? |

I = \/4h? + 2.

Power of velocity discontinuity: By remarking thaf|u|] =| u.(x = —L) | power of velocity discontinuity can
be written as :

h(—L) h(-L) "(_
UO HﬂHdz:/O ﬂ‘h( L)‘Cvolzdz

Jau = 0 3 V3 h%(-L) (3.65)
9% 14—
2\/5 ‘ h ( L) | Cool
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Power of friction: At the contact surface, the difference of velocity betwdendtrip and the roll is given by

heV, ,
lul] =| Ve — iz = 1) + iz = B | =] Ve = EVTH 2|

Therefore, the friction power is

0 h V. ! !
Ifric: L%‘VC—%\/l—th‘\/l—l—hzdx
- (3.66)
0 V1442 -
= m—ab ‘ VC_ ;Cvol | V 1+h2dx
V3 J-L h
Power of the tensions: The following formula is valid for all 2D velocity fields
]ten = (Ts - Te) Cvol- (367)

As can be seen, the power of velocity discontinyity, friction power],;. and tensions powg,,, are analytically
obtained. The plasti¢: is 1-variable integral and can be performed numericalauit difficulty. The total power
is finally a function of unique variable of the problemy,; and the minimization is solved thanks to Newton-Raphson
method. The results of this model will be compared to somerstim the sectiod.5.

Otherwise, it should be noted that in their study, S.Boubaaaetal [18] do not take into account the power
dissipated by the discontinuity of velocity at the entrylué toll bite.

3.3.3 Improved velocity field

When the ratio thickness over work-roll radius increasks,heterogeneity of the deformation across thickness
direction increases and can not be neglected. To take istwatthis dependence, Bouharaoua ald 8] propose to
improve their linear form of vertical velocity to a third deg polynomial depending anand obtain :

uy = a(x) + f(x)z?
, R (3.68)
w: = —d 1)z - f (05
wheref(x) = % [k —a(x)h(x)]. As aresult, to describe the velocity field, they need a sqaeametek and a

function,a(x). The calculation becomes very heavy and far to be analyt®akonsequence the minimization is no
longer simple to compute.

3.3.4 Circular stream lines velocity field

T.Hoang [7] proposes a velocity field by considering that the matetigasn lines in the roll bite are circular.
To simplify the equations, the author introduces two newrdoratess, exit height of the stream line arfdangular
position of the considered point (see FigB8t&l). The material is supposed to follow the circular strearadiwith the
same center as the work r@l. and a radius defined by

Rh
R(s) = TS (3.69)
These relation between these new coordinates and Cartesarare
Rh
x=——"sin#
s (3.70)

z:s—l-RThs(l—cosé))
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Figure 3.11: Continuous circular velocity field. The vetgds also continuous at the exRigure taken from47].

And the circular velocity field is given by

B p(s)s? cos @
ux,z) = Rhs + (s2 — Rhs) cos 0 [ —sin6 } 3.71)

wherep(s) is the velocity at the roll bite exit as a function of the heiglacross the thickness direction. For symmetric
rolling, this function is constant. And it is taken linear fasymmetric rolling conditions. In this case, this funatio
allows to model the curvature of the strip at the exit of raebThis is called ski olongbow defecfsee Figure.117).

Unlike Bouharaoua andl [18], T.Hoang [47] takes into account the dissipation of the discontinuityeibcity at
the entry of roll bite. However, he simplifies the calculatiof this dissipation in considering that the discontinuity
surface is a vertical straight surface. This is not exacabse by construction, the longitudinal velocity in the itk
u, depends o while it is constant and equal #4. before the roll bite. Although the induced error may be swall
can not compare the results of this model to other ones.

3.3.5 Elliptical stream lines velocity field

Method for constructing velocity fields

In 2001 Dogruoglu 31] introduced a rigorous and systematic method for constrgdtinematically admissible
velocity fields necessary in the analysis of plastic formpngcesses bYBM . The objective of the method is build a
family of kinematically admissible velocity fields by presuming a certain form of the flow lines. In his applications,
the flow lines are chosen being circular and elliptical.

We can sum up the results of this method as follows. If the floed in the plastic deformation zone is represented
as a one-parameter family of curves

flx,z)=¢ 0<¢<1 (3.72)
then the following velocity field
)
w =~ L)
af (3.73)
uz = 5-F(¢)

verifies automatically the incompressibility conditioro that the velocity field given b$.73is kinematically admis-
sible, it is necessary to choose the flow lines that includendary lines of the problem (for example the work-roll
surface in rolling process).

A
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3. Upper Bound Method applied in rolling process 3.3 2D continuous velocity fields

The functionF (&) is an arbitrary differentiable function which will be deteined by the initial conditions of the
considered problem. In rolling proced¢) is determined by one of two conditions of the continuity of trelocity
components in the direction normal to the boundaFieandI’; of the plastic deformation zone. In other words, the
form of I', or I's can be chosen arbitrarily. Aftef(¢) is obtained and the velocity field is determined. The other
condition will be used to determine the related boundaryefdeformation zone.

Elliptical flow lines

The author applied then this method to determine an eliiptiow lines velocity field. The elliptical flow lines
family is defined by

z
X,z) = =¢ 0<¢<1. 3.74
fon) = g v~ 056 (374
Now if the exit surface of velocity discontinuity is choseaagertical line defined by
x=0,z=20<1z, <hs,. (3.75)
Inserting3.75into 3.74we obtain
z=12(8) = hel. (3.76)

Using the definition of velocity fiel®.73 the continuity of normal velocity throudhy becomes
of 1
ux(0,2) = =57 (0,2)F(¢) = —7-F() = V.

Then,
F(¢) = —hsVs = —Cyoi (3.77)

equal to the flow rate (with opposite sign).
Finally, the author obtained following elliptical velogitield

_ _% _ Cvol
e =5 FE) = R+hs—VRZ—x2
3.78
" — ip(g) _ Cpo1xz ( )

oo VR=2 R+ by — VR =

To complete the solution, the entry surface is found to be aleertical plane defined by

x = /(2R +hs —he)(he —hs), 2= 220 < 2 < . (3.79)

Remark: Using the expression of thickness function and its desreagiiven correspondingly b8.62and 3.63to
simplify the elliptical flow lines velocity field given By78we obtain exactly the simple velocity field define@B
Indeed, these two velocity fields are the same.

Results

Dogruoglu B1] computed the power functions by introducing the neutrahpposition X;, (x* according to the
authors notation) as the unique parameter instedd,nf The optimization becomes more simple. The author com-
pared then the obtained minimum powewith the results of the eccentric velocity field model giverai Avitzur’'s
book [8].

Dogruoglu introduced, then the ideal plastic deformatiower

20 h
Jher = 730(?001 In 3 (3.80)
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3. Upper Bound Method applied in rolling process 3.4 Discussions

which is in fact the plastic deformation if the strip matéisadeformed under plane strain condition only in longituali

and thickness directions without shear deformation. Andraparison is based on the relative difference between the
obtained plastic deformation power and this ideal one. HeweDogruoglu did not take into account the power of
velocity discontinuity in the plastic deformation powele Halculated the relative difference by

]? - ]ullef
]éef

In the considered rolling case:(= 0.6, hs/R = 0.002), the author showed that this relative difference is excely
small, varying from0.19% down t00.014% when the reduction increases fr& to 60%, meaning that the plastic
deformation is very closed to the actual one.

Relative difference= (3.81)

Nevertheless, let consider for example a slip lines vejdd such us unitriangular one, there is no continuous
deformation power]. = 0. All plastic deformation power is generated by the velodiscontinuity,/,,. In this case
the relative difference, defined by the formula of DogruagiBds equal to0 implying that the plastic deformation is
lower than the ideal one. This is, of course not true. Indéweltotal plastic deformation power must include both
power of continuous plastic deformation and the power obeity discontinuity. Then, the relative difference should
be defined as
Je+ Iau = by

Relative difference= i
]def

(3.82)

With this correction, for the same considered rolling céise relative difference varies frot73% to 1.07%.

3.4 Discussions

This chapter shows that théBM based on the extremum principle formulated BY][is largely used in metal
rolling process to evaluate especially the supplied powelrtarque. There were developed many slip lines (rigid
body) velocity fields. The unitriangular is suitable to bedisn hot rolling conditions where a high friction coefficien
occurs and the ratio thickness over contact length is clode For cold rolling, the contact length is usually much
higher than strip thickness, the multitriangular is morfceft. An other advantage of this velocity field is that the
sliding between the strip and the work-roll out of the nelltome is allowed which correspond better to the condition
of cold rolling.

Nevertheless, the optimization of solution for multitaar is not simple mainly due to the unknown number
of triangles. It is necessary to vary it and the number of patars will vary at the same time. Some author solve
mathematically the optimization problem by consider thenhar of triangles as a continuous "real" number but not
"integer" number, se&J/, 87, 9]. This method allowed to obtain lower upper bound in mangsasVithal, the velocity
field obtained by non-integer number of triangles seems &obeewhat illusive.

Unlike the slip line or rigid bodies velocity fields the camiibus ones give often more interesting information about
the velocity field itself. The main difficulty is how to parateeze a good velocity fields. Authors proposed different
methods for constructing kinematically admissible velpfield. The most famous one is based on flow functions and
flow lines ([31]). Advantage of the method is that you can imagine any flowdithat verify the boundary condition
(work-roll surface must be a flow line), the method will givepeession of the velocity field. Yet, this advantage
is also an disadvantage because the flow lines need to besgueiad and sometimes it is not easy to imagines the
complicated one. For example, in the next chapter, the floesliof rolled material as results bhm3-Tec3are
complicated. It oscillates somehow around a smooth cunvéhd same chapter, we will introduce an other method
to build kinematically admissible velocity field that doest pre-assume flow lines but the flow lines will be outputs
of the model. There will also be presented a comparison afiangular, continuous simple (elliptical) velocity fisld
with the new oscillating one arlcam3-Tec3esults.

By giving the flow velocity the continuous velocity fields own other advantage to approach the flow patterns
such as 3D models approaching the width variation of theedodtrip. SomeJBM models will be presented in the
chapters.
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Chapter 4

Oscillation of mechanical fields in roll bite

The rolling process has been analyzed by various analydicdinumerical methods
as the slab method, UBM and FEM . The FEM calculation allowgiigaccurate
estimation of mechanical solution but computing time isallgdong. Beside, the
heterogeneity of strain or stress fields across the strigktinéss needs understand-
ing and taking into account to explain heterogeneity of rihégical characteris-
tics and microstructure after rolling or rolled-product pprent defect prediction.
This heterogeneity remains very little investigated. Canvs one of rare authors
who take into account the variation of stress field in thekhéss. However, the
shear stress is imposed linear across the thickness dieclihe chapter presents
firstly a method for constructing kinematically admissitddocity field for rolling
process. This method is not based on pre-assumed flow linesua but on the
understanding of their physical behavior. Then, a new famdlled "oscillating"
velocity fields allowing to model the non-linear heteroggnef deformation in the
thickness is proposed. And application of UBM results to al firelocity field that
corresponds to a lower rolling power in comparison with théttiangular and the
elliptical ones. This obtained velocity field, having cheteistics of wave propa-
gation, matches well Lam3-Tec3 results.
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4. Oscillation of mechanical fields in roll bite 4.1 Introduction

4.1 Introduction

Although in flat product cold rolling condition, the stripitkness is very small compared to its width and the
contact length with the work-roll, the vertical velocityentical strain, vertical strain rate fields are not homogeno
across the strip thickness. These fields oscillate in bathdz directions. This is an interesting results that may be
in contrast to what could be imagined (the thinner the stripre homogenous the mechanical fields). This chapter
introduces a complete applicationldBM to analyze this heterogeneity of mechanical field and coenjmdram3-Tec3

As a reminder, following th&/BM introduced in the previous chapter, the actual velocitylfiela rolling process
is the one that minimizes the power functi®27. Usually, a family of velocity fields with few parameters tsidied
of which the velocity field minimizing the power function iket best approximation of the real one. The lower the
power, the better the approximation. The rigid body (or kfips) velocity fields such as unitriangular, multitriateyu
are obviously heterogenous velocities across the thickbessthe changes between the rigid regions are abrupt. The
shear stresses are concentrated only on certain slip limethe contrary, the typical continuous velocity field like
simple (called also elliptical) has longitudinal and vestideformation rates,, andé,, which are homogeneous in
the thickness. The circular velocity field is not so diffearéfrom the simple one. This chapter presents new family of
velocity fields also in plane strain condition. These veipéields are contiguous and have certain concentration of
shear strain rate somehow similar to slip lines ones.

That family is built as an addition of an "oscillating part' the "simple" (elliptical) velocity field of which the
longitudinal component is constant in the strip thicknes®8.61). We show that the best field of that family gives
a better approximation than the simple one. This study @rtivere is an oscillating part in the velocity field during
the rolling process. A careful observation of the fields otgd by a finite-element methdé&im3-TecXhows that the
oscillation phenomenon is in fact really present even far #itrip. And the oscillations predicted by the analytical
model UBM ) match very well the.am3-Tec3esults.

4.2 Method for constructing velocity field

4.2.1 General admissible conditions of velocity field

The model is developed under the same assumptions as maserihe par3.1.2 Let remind that before the
roll-bite the velocity is uniform and equal ¢ and it is also uniform and equal i@ after the roll-bite (see Figui22).
The material is deformed plastically in the zaRedelimited by the two surfacd$ andI's which are also the surfaces
of velocity discontinuity because the velocity field in tfisld is different fromV, andV,. Modeling of the velocity
in this area is the key point of duBM model. Once the velocity fields in all the three zones are theal¢hel ., and
I's can be determined.

Using the boundary conditions described for a generalelalsistic previously (sectioB.1.3 and simplify them
for rigid perfectly plastic condition (especially the catmmhs of the symmetry on = 0 given by2.3), the kinematically
admissible conditions of the velocity field in the plasti¢atenation zon& are:
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* Incompressibility of rigid plastic material:
divu(x z)—%(x z)+%(x z) =0V(x,z) € Q (4.2)
_— 7 - ax 7 az 7 - 7 .

« Boundary conditions on the surface of symmetry 0:

uz(x,0) =0Vx € [-L,0] 4.2)
and 3
a”Z" (x,0) = 0 Vx € [~L,0. (4.3)

» Boundary condition on the contact surface- 11(x):

!

uz (x,h(x)) — ux (x,h(x)).h (x) =0Vx € [-L,0]. (4.9

Concerning the flow rate, if the three conditighg, 4.2and4.4are verified, it can be demonstrated that the volume
flow rate through a cross section of the strip is conservedstemt). Indeed, i€,,;(x) denotes the flow rate through
the cross section at it is defined as a function of

h(x)
Cpor(x) = /0 uy(x,z).dz. (4.5)
We consider now its derivative:

(x) /
GIC%(X) _ %/Oh ux(x,z).dz = h (x)ux<x,h(X))+/0

Using the equationé.1then4.2and4.4we obtain:

dcvo (x) _ (x) Ju,
BEl®) ! e (e )~ [ R 2)
)

= I (X)ux (x,h(x)) =z (x, 1(x)) + 12(x,0)
= {h (x)uy (x,h(x)) — uz (x,h(x))} + uz(x,0)
=0.

h(x) Oy
ox

(x,z).dz.

This implies the conservation of the flow rate:

h(x)
Cool :/0 ’ uy(x,z).dz = constvx € [—L,0]. (4.6)

Thus, the forth conditiond.1, 4.2, 4.3 4.4 (or 4.6) are all the kinematically admissible conditions of a vélpéeld
defined throughout the plastic deformation zéhe

It is easy to verify that the "simple" velocity field given By61verifies these conditions. This field describes the
average behavior of strain in the thickness. We remark thakaematically admissible velocity field can be written
as a sum of the simple velocity field and an addition term devdahg:

1
m + f(X,Z)

H(x)
12(x)’
The admissible conditions will be rewritten thanks to thedtionsf (x, z) andg(x, z). The first conditiort. limplies

that:
of (
ox

E(X,Z) = Cyol-
z+g(x,z)

x,z)+ 3—‘5(3{,2) =0V(x,z) € Q (4.7)
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There exists always a function denot(, z) so that:

flz) =22
s(xz) = - 2)

4.2 Method for constructing velocity field

With this expression of (x, z) andg(x, z), the conditiort. 1is always verifiedF (x, z) is flow function for the addition

part determined within a constant.

The conditiord.2is equivalent taF(x,0) = const. As the value of this constant has no real importahcanibe

chosen equal t6, then

The conditior4.3becomes:

And the conditior4.6 gives:

F(x,0) =0Vx € [-L,0]. (4.8)
o°F
F(x,h(x)) — F(x,0) =0.
Finally, any 2D kinematically admissible velocity field che written as:
1 oF(x,z)
(x,2) = C h(x) 0z (4.10)
u(x,z) = . , .
- O (x) __F(x2)
h2(x) ox
with kinematically admissible conditions:
F(x,0) =0Vx € [-L,0]
F(x,h(x)) =0Vx € [-L,0] (4.11)
o°F
@(x,o) =0Vx e [_L,O]
The tensors of strain rate: Since4.1Q all the derivatives of the velocity field are calculated @ofv:
W 9F X,z
%(x,z) = Cyor 2 + 7ax(az )] (4.12)
9%F(x,z
Me(x,2) = Cop Do) (4.13)
Z
W 9%F(x,z
%(X,Z) = Cyor- [(ﬁ) zZ- a(xZ )] (4.14)
W 9*F X,z
%(X/Z) = Cyol- i #1 (4.15)
A
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The components of strain rate tenséfs) are:

!

. Jdu h 92F(x,z
ex(t) = P2 (1,2) = ot | 1y + #]

) W azF(x,z) .
€zz(E) = g(xlz) = Cyol- lﬁ - W] = —Gxx(x/Z)

, 1 [uy  dus]  Coy |[H PF(x,z)  &F(x,2)
GXZ(E)Z{BZ—FBJC} 2 |\ ) P ez 0x2

) = /2 () + 22,00 + & (w) =

(4.16)

€2 (u) + €2, (u)

2
V3

4.2.2 Applications

The expressior.10 of kinematically admissible velocity is only a differentrfo of flow function method (for
example B1]). On the other hand, the kinematically admissible condgiwritten agt.11are relatively simplified and
enable to easily propose some family of functiéfx, z). For example, any function defined b )z" with n = 1 or
n > 2 verifies the first and the third equationsbi 1l These arguments lead naturally to following family of ftions

F(x,z) = g1(x)z + i an(x)z". (4.17)
n=3

The only condition so that the velocity defined by equatiéridand4.17is kinematically admissible is the second
equation of4.11 Of coursey can also be real or integer numbers but they are necesserdyeg thar.

Example of third order polynomial velocity field
If ¢,(x) are chosen so thgt,(x) = 0 for all n > 3, we have

F(x,z) = g1(x)z + g3(x)2>. (4.18)
The only kinematically admissible condition is (secondagipn of4.11)
F(x,h(x)) = g1(x)h(x) + g3(x)h3(x) = 0Vx € [~L,0] (4.19)

which implies, then
g1(x) = —g3(x)h?(x) = 0Vx € [-L,0]. (4.20)
Substituting4.20into 4.18we have
F(x,z) = g3(x)z(2* — 1% (). (4.21)

Finally, any velocity field given by.10where the functiorF (x, z) defined by4.21and the functiorgs(x) is freely
chosen, even constant. And the 3-order polynomial veldigtst is given by:

ﬁ + (322 - hz) g3(x)

Z;Ei)) Z— (23 - hzz) gé(x)

u(x,z) = Cy- (4.22)

We will see in the next section another proposition of theetiom F (x, y) having a nature of wave propagation that
leads to a new velocity field with oscillating charactedsti
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4.3 An oscillating velocity field proposal

In order to minimize the rolling power in function of velogiknowing that the space of functid®(x, z) is an
infinite-dimensional space, we need to parameterize it mganstrict and transform the spaceFif, z) into a finite-
dimensional one. The parameterizing manner is more iritegeis there are less number of parameters and when
the optimum power is lower. We introduce in this section aipalar way to build the functiorf(x, z) with few
parameters.

First, it can be seen that the first equatioddflimplies that

2
%(x,o) —0vx e [~L,0].

Therefore, the third equation df11can be rewritten as
0’F 0’F
Z 0" 52
The kinematically admissible conditions given by equa#dtil.can be rewritten as follows
F(x,0) =0Vx € [-L,0]
F(x,h(x)) =0Vx € [-L,0]
0°F 0°F
—(x,0) — =—
072 ox?2

The third equation is similar to a "wave propagation” ond allbws to propose similar "oscillation" solutions.

(x,0) =0Vx € [-L,0]. (4.23)

(4.24)
(x,0) =0Vx € [-L,0].

Indeed, let study now following equations similar to theddamatically admissible conditiods1L

F*(x,0) =0Vx € [-L,0]
F*(x,h(x)) =0Vx € [-L,0]
0°F* 0°F*
a—zz(x,z) - a—xz(x,z) =0V(x,z) € Q
The third equation means that the shear strainérates not only equal td on the surface of symmetey= 0 but every
where in the roll-bite (see the second equation). It is sintib the D’Alambert equation for one-dimensional wave
problem. The general solution of this equationf$(x,z) = G*(x + z) + H*(x — z) with G andH any 1-variable
functions, twice differentiable. Hence, the equatidrZbare strictly equivalent to:
F*(x,0) =G*(x+0)+ H"(x—0) =0Vx € [-L,0]
F*(x,h(x)) =G*(x+h(x))+ H* (x —h(x)) =0Vx € [-L,0]
F*(x,z) =G"(x+z)+ H' (x —z) V(x,2) € Q
By simplifying, this general solution af.25can be given by:
F'(x,z) =G"(x+2z) - G*(x—z) V(x,2) € Q
G*(x+h(x)) = G*(x — h(x)) Vx € [-L,0] (4.26)
VG e C2(R)

(4.25)

Now, let come back to the admissible conditiagh4 The difference with respect to the equati@n®5is that
the d’Alambert equation is not verified every where in thd-bite but only on the surface of symmetty= 0. Of
course, all functions verifying.25satisfy also4.24 Meaning all functiong(x, z) given by4.26are also solution of
4.11 However, having no solution to describe the whole admissipace, we propose to study a family of functions
verifying the following equation:

F(x,z) = Ae [Ge(x +2) — Ge(x — 2)] .Ke(x) V(x,2) € Q
Ge(x +h(x)) = Ge(x — h(x)) Vx € [-L,0] (4.27)
YGe, K. € C2(R)
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whereA, is a parameter that allow to represent the amplitudE(af z) and thus the oscillation part in the velocity
field. G, andK, are two one-variable functions, twice differentiable. Wkt = 0 the velocity field is identical to the
"simplified" or elliptical one.

It is easy to verify that all functionB(x, z) given by4.27verify the kinematically admissible conditiodsl1 Even
if this family dose not contain all admissible functiohy, z), we will see later that the velocity solution (best velocity
of the family) carries effectively oscillation charactgits and gives lower power than the simple one.

Periodicity of velocity fields and determination of G,

Noting that the equatiod.27is given for everyx in the roll-bite, if this functionG is known on a segmert, —
h(xo), xo + h(xg)], for anyxg in the roll-bite, it is entirely defined in the whole roll-bitlt seems to be a quasi periodic
function with a period equal t&h(x) - the thickness of the strip - varying along the roll bite.

Therefore, to construct the functi@n all along the roll-bite, it is only necessary to do it on a segtmfor example
the segment at the entry of the roll-bjte. — 11(x.), x, + h(x¢)]. This function is denoted,. To have the continuity
of the velocity field, the functiots, and its derivative need to be continuous. Therefore,

Go(xe + h(xe)) = Go(xe — h(xe))
1 h,(xg) , (4.28)

Go(xe — h(x.))

Go (e + (xe)) = T2 (x0) 0

Choice of function Gy: the functionGy can be chosen as

{ Go(x) = cos (g(x))

) (4.29)
g(x) = ag + ayx + axx”.

With this constructiort.29 it is easy to check thaf(x) satisfies the two continuity conditions 4f28if g verifies
following 3 conditions:
g(xe —h(xe)) =m
(e +h(x)) = —7
i 1-— h,(xe) ’
Xe+h(x.)) = ———2%¢ (xe — h(x
8§ (xe +h(xe)) 1—|—h(xe)g(e (xe))

The 3 parametersy, a1, a, are then completely determined.

(4.30)

Choice of function K,

We chose a function with one parameter, as
Ke(x) = 2° (4.31)

which models the decrease of the oscillation amplitude fitoerentry towards the exit of the roll-bite.

Choice of function F

Both functionsG, andK, are now completely determined. The functiBfx, z) given by equationd.27 contain
thefore only one parametet,. It can be noted that, the functi@r. is somehow similar to the wave propagation from
the entry forward the exit of the roll-bite. Now in the anajoge propose to add a similar function representing the
wave propagation from the exit towards the entry of the ri#.bSimilarly to G,, G; is also constructed by using the
periodicity equatiorGs(x + h(x)) = Gs(x — h(x)) Vx € [—L,0] but based on the its definition on the exit segment
[—hs, hs] instead of the entry onfe. — ke, x. + h.]. Regarding the functioKs, the analogy is understood as follows.
The functionK, is maximum (in absolute value) at the entry and vanisheseagit. The functiorK; is chosen as

Ks(x) = (x — x¢)® (4.32)
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so that it is maximum at the exit and vanishes at the entry.

Finally
F(x,z) = Ae [Ge(x +2) — Ge(x — 2)] Ke(x) 4+ As [Gs(x + 2) — Gs(x — 2)] K (x). (4.33)

Summery of velocity fields
From the expression of velocity fiekl10and the choice of the functiaf(x, z) by 4.33the velocity is
u(x,z) = Cyo1.0(Ae, As, X, 2) (4.34)

wherev(x, z) is elementary velocity fieldf which the components are defined as follows

Ux(Ae, A, x,2) = 1 + A, [G;(x +2)+Gy(x— z)} Ke(x) + As [G;(x +2) + Gi(x — z)} Ks(x)  (4.35)

h(x)

and

0 XZ:h,(x)Z— /x Z—/X—Z X X+2zZ)— X —2Zz ,x
(e s ) = iz = Ae [ (Golx +2) = Gl =2) ) Ke0) + (Gelx 42) = Gele =D K)o

— A, [(G;(x +z)—Gl(x— z)) Ko(x) + (Gs(x +2) — Gs(x — z))K;(x)} :

As being discussed previously, all functio@s, K. andGs, K are completely defined. The velocity field contents
therefore three parametefis, A; andC,,; that need determining by minimizing the power function gibg 3.27. Of
course, we can chosé, = 0 andA; # 0 if we only want to model what the oscillation from the exit andersely
A. # 0andA; = 0 if we are only interested in the oscillation from the entry.

By writing the equality of the strip velocity and work-rolelocity at the neutral point, we have

Ve = \/u%( (xn/ hn) + u% (xn/ hn) = Cvolvx (Ae/ As, Xy, hn) 1+ h/n (4'37)

whereh,, = h(x,) andh, = h'(x,). We deduce then

Cool = Ve (4.38)

Oy (Xn, hn) \/1+ 1,

wherevy (Ae, As, x,z) given by4.35 C,,; becomes a function ofl,,As andx,, denotedC,,;(Ae, As, x,). Thus, we
can rewrite the velocity field as
E(x/ Z) = CUOI(AE'/ AS/ xn)Q(Ae/ AS/ xlz)' (439)

Remark: The elementary velocity is the velocity field if the flow ratequal to an unity@,,; = 1). It characterizes
the stream lines of material flow. Depending on the valud ond A, that the amplitude of oscillation parts is more
or less important and change the stream lines compared tcldmsic ones corresponding to the classic velocity
field. As this elementary velocity does not depend on theaiquint positionx,,, the flow patterns defined from this
velocity family are independent of,. The parametex,, is only involved in velocity field through the total flow rate
Cvol(Ae/ A, xn)-

Discussion: The new family of the velocity fields introduced in this sectihas an oscillation terms. The peri-
odicity characteristic of this oscillation has particlyabeen brought out and the functiak, and/orG; describing
this phenomenon is carefully built. Finally, with only tlerearametergl., A; andx, this velocity family is able to
model the mechanical fields heterogeneity across the &idhrtess. In this velocity family, the power functigf)
depending on the velocity field becomes a function of theszetparameterd., As; andx,, J(u(A., As, xx)). The
minimization of this function with respect to the three pagders is then numerically possible. Hereafter, we will
present an optimization strategy efficient in terms of cotimgLtime.
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4.4 UBM with the oscillating velocity field

4.4.1 New strategy for minimization of power function

After introducing this new velocity field family represedtey three parameters,, A, andA;. The power function
given by3.27becomes a function of these three parameters and the oatiariproblem can be written as:

a%(Ae, Ao ) = 0

(A, Ag,x) = 0 (4.40)
aAE er Sr4in .

a]

a—AS(Ag, As, xn) — 0.

This section presents a new optimization strategy thatalto obtain the optimum neutral point more easily and to
decrease significantly the computation time. This strate@ypplicable if the power function is analytically deriv@ab
with respect tax,,. And this is true for every kinematically admissible vetgdield expressed a4.39 The method
consisting in optimizing analytically the power functioitiwespect tor,, and then numerically with respect#y and
As.

4.4.1.a Calculation of power functions and derivatives

Power of plastic deformation: Indeed, thanks to the expressiér39of the velocity field, the power dissipated by
plastic deformation if) (the first term of the equatioB.27right side) can be expressed as follow:

]é(ﬂ) (Ae/ As, xn) = Cvol(Ae/ As, xn)Jé(Q) (Ae/ As)

whereJe(v)(Ae, As) = /Q 00.2(0) (Ae, As, x,2) dO. (4.41)

Power of discontinuity of velocity: Also the power dissipated by velocity discontinuity (themed term of the
equation3.27right side becomes:

Jau (Ae/ As, xn) = Cyol (Ae/ As, xn)‘IAg(Ae/ As)

o 4.42
whereJay (Ae, As) = /5 705 1A0(Ae, As, x,2)|| dS. (4.42)
d

Power of entry and exit tensions: In the same way, the tensions power (the forth term of the tezua.27 right
side):

Jten (E) (Ae/ As, xn) = Cvol(Ae/ As, xn)]ten (Q)

whereJjen (1) = /S . T 0(Ae, As)x,2) dS = Ty — To. (4.43)
Thus, their derivatives with respecttg are nicely represented by:

a]aifnz) (Ao, Ay, ) = anal(g;,nAs,xn)']é (0)(Au A1)

a]SZE,E) (Ae, As, xn) = acvol(g;nASIxn) Tao(v) (Ae, As) (4.44)

entt) (4, a4 3p) = 2ColBeBrtn) ()
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Power of contact friction:  About the friction power (the third term of the equati®27right side), its dependence
on x,, is more complicated. However, we will show that its derivatwith respect tor, can be equally obtained
analytically. The difference of velocity on the contactfage is defined by:

Aug(x) = [lu(x, h(x))[| = Ve. (4.45)

The friction power is then written as:

]frzc( )(Ae/As/xn) :/5 T.HAEC(X,]’I(X))H.dS

:’MO [/ /] X)) = Ve) /14 H2(x) d.

By definition of neutral pointjAu,(x,, hn)| = 0 we can deduce then:

a]f’r’lC(E) m aHu A x h H ] 1]
L (A Asy ) _T{M / ] - 14 H2(x) dx — 280, (i, i)/ 1+ K2 }

= T ol Bemn) [ [P [ o, a4 02
Jfsie(n =m7 U /} 1+h'2( ) dx (4.46)

2 i Ae, A, ) = % [/0 —/_xJ (A, x, h(x))|[.\/1 + K2 (x) dx
= %. [/x(: - /_xﬂ vx (A, x,h(x)) (1 —l—hlz(x)) dx.

In fact, ]V;lc(xn) is the power of the friction stress on the work-roll that tetaat peripheral velocity.. It depends

Let denote now
and

(4.47)

only on the neutral position but not on the strip speed. Ar@m (A., As, xp,) is the power of the friction stress acted

on the strip corresponding to the strip elementary velagitd,, As, x,z). Then we can rewrite both the friction power
and its derivative with respect g, as:

]fi’lC( )(Ae’ AS’ xn) ]V;jc(xn) + CUOI(AEI ASI xﬂ)']'%”‘c(AE/ AS/ xn)

aCz;ol (Ae/ As, xn) (4-48)

¢,
fric . ,]J%ic(Ae, As, xy).

oxy,

(Ae/ As, xn) =

Total rolling power function: ~ The total power function and its derivative with respectjdecomes:

J(Ae, As, xn) = ]}/fic(xn) + Coot(Ae, As, xn) []é(v)(Ac’r As) + Jao(v) (Ae, As) + ]fm(Ae/ As,xn) = Ts + TE}

a] acvol(At’/ ASIXV!)
dxn o0xy,

(Ae/ As, xn) = {]e(v) (Ae/ As) + ]Av( )(Ae/ As) + ]frzc(Ae’ As, xn) Ts + Te} .

(4.49)

4.4.1.b Numerical resolution strategy

Thanks to4.49 the first equation oft.40 - the optimization of the power function with respectitp - is now
rewritten as

9]

ox,

(Ae, As,xn) = 0 < []é(Q)(Ae, As) + Ino(Aes As) + I Aey As,xn) — T+ Te} = 0. (4.50)
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This is an equation allowing to determing as a function ofd, and A;. If x}l(Ae, As) denotes the solution of this
equation 4.50 then by substituting.50into the first equation of.49and usingt.46the minimum power with respect
to x,, is obtained as following function o, A

J1(Ae, As) = J(x(Ae, As), A, As) = ]Vrcic(x%(Ae/ As))

i xh(AeAs) 0 = (4.51)
= "% / —/ Ve/1+ 12(x)dr = "2y, (AN — NB)
\/g -L x,11(Ag,AS) \/g
We can deduce from this equation that
] .0, ; oxl
a—l}le(Ae,As) =200 L 2(]). S5 (A, )
(4.52)
dJ1 M.y 1 ax}l
A, (Ae, As) =2 7 Ve /140 (x”)'aAs (Ae, As).

In other words, the optimization gf (A., As) andx} (A, As) with respect to4,, As are obtained at a same value
of A., As. This analysis of the power function and its derivativesittssfinally to the following three-step numerical
resolution:

1. Forgivenvalues of,, Ag, solve4.50by Newton algorithm to obtaim}1 (Ae, As). This step gives us numerically
the functionx), (A,, As).

2. Minimize ofx},(Ae, Ajs) issued from the first step by Newton-Raphson algorithm (seto5.3.5.9. The first
and second order derivatives n}lj(Ae, A;) are calculated numerically. We obtain at the end of this ttep
optimum value ofA,, As; and minimum value of,, = x.(A,, As).

3. Compute the minimum rolling power usidgb1

4.4.1.c Application field of this strategy

This new method of minimization is applicable for 2D appiees where the friction powe, ;. is analytically
derivable with respect to,. For 3D approach, we will see in the next chapter that theveve of ] ;. with respect
to x, is much more complicated and need to be calculated numigrical

It is an application for all velocity fields of which the elentary part does not depend explicitly ap. Or, the
flow lines are independently of the neutral point (no peratidn of the neutral point as singularity point on the flow
lines). This is in fact valid for all velocity fields studied the literature till our days.

4.4.2 Numerical resolution - programming

The previous section presents a new optimization stratigthis section the details of numerical calculation of
all elementary power functions(v) (Ae, As), Jau(Ae, As) and]f%ic(Ae, As, x) given by4.41, 4.42and4.43will be
detailed.

4.4.2.a Surface of velocity discontinuity at roll-bite enty

As a reminder, by construction we propose a differentiatiooious velocity field in each zone: before, inside and
after the roll bite. The second zone (inside the roll-bita) de understood as the plastic deformation zone. There
are two discontinuity surfaces, one at the roll bite entrgt ane at the roll bite exit, as showed in Figutd. The
interesting point is that the form of these discontinuityfaces is not predefined but is a output of the model. Indeed,
during the research of optimum velocity field, the discomtinsurfaces changes as a function of velocity field. Heee ar
presented the details how to determine numerically theodisuity surfaces as well as how to calculate numerically
the elementary dissipation powglg, (A, As).

A
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he

v
Figure 4.1: The plastic are@ is limited by the surfaces of velocity discontinuify, Figure 4.2: Zoom of(}),
I's. This plastic deformation zone is divided into three z6he (), andQ)3. entry plastic zone.

We study first the entry one. Reminding that before the mlaiformation zoné€), the velocity is uniform and
equal toV,, and by definition of the flow rate, we can write:

1
Ve = Cvol(Ae/ As, xn)‘h_‘

e
In the analogy of the elementary velocity field definitiér89 the elementary velocity field before the roll-bite is
Ve = h% With the simple velocity3.61), as the longitudinal velocity is constant across the théds, the discontinuity
surface of velocity field is therefore a cross section.

However, with the oscillating velocity proposed in prevd@ession which is also rewritten489 the discontinuity
surfacd’, is no longer a cross section because the longitudinal \wglearies in the thickness direction. The difference
of elementary velocity between the plastic zone and the/eatne is calculated as:

Av = he (4.53)
vz(x,2)
wherev,(x, z) andv;(x, z) are given byt.35and4.36respectively. The kinematically admissible condition efocity

on the discontinuity surface is defined&s.n = 0. In other words, the discontinuity of velocity needs to begential
to the discontinuity surface at any pointlof

Av
— =t (4.54)
|
Based on this statement, the velocity discontinuity serfaadetermined starting from a chosen point on this surface.
The chosen point is the first point of contact between the wollkand the stripP; (xp,,zp,) = A with x; = —L,

z1 = h(—L). Pj is the beginning point of the velocity discontinuity sureat roll-bite entry,P; € . If Py(xp, =
xp, +dxy,zp, = zp, +dz1) € I is a neighboring point oP; and the distance between them is denoted by-

A /dx% + dz% then the tangential direction is approximated by:

tNl dx1
_NE le ’

The admissible condition of velocity discontinutys4implies that:

dxp| Avy(Py)| dl
[dm] B [szua)] Tad] (4.55)
And
112
Agl:\/[vx(m_d +o2(P) (4.56)

A
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In practice, the value afl is chosen £ h./20 for example) and the equatigh55allows to determine the poird,
and the dissipation power on this segmgqn®, as

_ 90

]Am - \/5

Similarly from P,, we determine the next poiy and the dissipation power on the segmésP;. By repeating
this operation untilP,(xp,, zp, ) with zp, = 0 the discontinuity surface and the corresponding dissipgtiower is
completely determined. This approximation requires thias chosen small enough depending on the complexity of
the discontinuity surface.

|Av, ||dl. (4.57)

o= 0 N g
e — Y 0
= g v,

. (4.58)
with [|Ag;|| = \/[vx(Pi) — ﬂ +02(P)

4.4.2.b Surface of velocity discontinuity at roll-bite exi

In a general case, the discontinuity surface at the rol-&xit can also exist and is different from a cross section.
If Q1(0,hs) = B denotes the last contact point, it is chosen as the first pdifi§. And following the same method
used to determing,, we can determing&; with Qn(xQn,an) denoting the last end dfs, zg, = 0. All calculations
are similar.

4.4.2.c Elementary plastic deformation power

As can be seen in the second equatiot@fl, in order to calculate the deformation powefv) (A, As), it
is necessary to compute taév) (A, As). The elementary strain rate tensgw) corresponding to the elementary
velocityv( A, As, x,z) defined by4.35and4.36can be obtained as follows:

eualo)(5,2) = — 15+ Ae [(GLx-+2) + G (x = 2)) Keo) + (Gx-+2) + Gllx = ) Ki(w)]

+ A [(Cla 2+ 6l —2) ) K@)+ (Gy(x +2) + Gilx —2)) Kl ()]

!
!

(o) (x,2) =3 (%) 2 [Glx+2) ~ Gilx —2)] Ki(x) — 5 [Gelx +2) — Gulx — 2)] K/ (x) (459)

~[Gia+2) ~ Gilx —9)] Ki(x) — 5 [Gol +2) — Glx — 2)] K. (x)

€22(0) (x,2) = — €xx(v)(x, 2)

&(0)(x,2) % 2.(0) + &2, (0)

Plastic deformation zone

In order to compute numerically the plastic deformation povit is necessary to divide the plastic deformation
zone() into three zones. The first on€); defined between the three surfac€s; z = h(x), x = xp,. The(), is
the area limited byz = 0, z = h(x), x = xp, andx = xp,. And the last one(); is comprised between = x,,

z = h(x) andIs. The integral in the expression fif(v) (A., As) is calculated separately in each area.

A
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Integration in ()

At the same time of the determination of each pdiitcp, zp,) and the dissipation by velocity discontinuity &p
(see sectiod.4.2.3 the plastic dissipation power can be also calculated as:

@A A0) = [ @) (Ao 20,280 = 09 T G 0) (A )
1 i=1

where]L is the elementary plastic deformation power in the zonenttdd by: z € PPy, z = h(x), x = x;,
x = x;;1 (see Figuret.2). If the coordinates of the elemeRtP; | are given as

1
X = 5 (xi+ xi)
1 (4.60)
z* = 5(zitzin)
Ji can be obtained by
h(x{')
@) a) = [ @A 2) & (4.61)

The integral in this equation is done numerically using Gadogegration method presented in the secfloWe can

find also in the same section the value of weighting factgrsand function argumentg, used in Gauss Quadrature
Formulas. Reminding that, in a given segment the N-pointsSdntegration gives the exact value for any polynomial
of 2N-1 order. However, for an oscillation function havireysral periods on the integration segment, this approach is
no longer accurate. By construction (see the secti@) the velocity field is oscillating with a period equal2a(x).

By consequence, the strain rate fielgh) has also the same oscillation period. In the thickness titrgconly a half

the strip thickness is studied. As a half of thickness cpoeds to a half of oscillation period, the fieidv) can

be accurately approximated by a 5-order polynomial. So éntiiickness direction, only one element is sufficient to
integrate. In choosingy = 3 we have a good compromise of calculation time and precision.

Hence, using Gauss integration operaltﬁnuss 3 given byA.12 to approximate the integral of the equation
4.61we obtain:

]é(g)(Ae/As) %IGaussi\]D:3(fi, fle,h( ejle) )
with f; = z — €(v) (A, As, x4, z)

therefore

n—1

ele ele
I ( )(Ae/AS N(Tol_zl dxl IGausS1D (fl/ h( ) ) (462)

with f; = z — €(v) (Ae, As, “’ZE, )

wheren is the number of poinP; on I’.. f’e ¢le and d; are given by4.6Q IGauss{\’D:3 is the Gauss-Legendre
operator approaching 1D integral deflnedAa)’tZ €(v) is calculated thanks to the equatich§9

Integration in )3

This is done similarly as the integration (.

Integration in (),
By developing the 2D integral if2, of the elementary plastic deformation power into a doubtiegral, we obtain:

122 (0) (Ao, As) = / 00.€(0) (Ae, As, %, 2).dO)
XQn (4.63)
= (70/ / )(Ae, As, x,2). dz dx.
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These integrals are equally done numerically Gauss-Legentkgration. Similarly as i€}, for the integral though
the thickness, only one element is enough. But in the lodgial direction, we need to divide the segmry,, x, ]

into a certain number of element§* so that the size of each element is less than a half of périad, This number
is chosen ag%/¢ = trunc( ) The size of each element is then

Ax = xQn — xpn .

Nele

Theiy, is between two nodes'*4 = xp, + (i — 1)Ax andx*% = xp, + iAx. Thus:

]'QZ(Q) (Ae, As) =0y. IGaussé\]D:B'(fz, 5’3,0 0,h(.), nele 1)

¢ (4.64)
with f5 := (x,z) — €(v)(Ae, As, X, 2)

WhereIGaussw 3 is the Gauss-Legendre operator approaching 2D integraiatefyA.15 andé(v) (A, As, x, z)
given by the equation4.59

4.4.2.d Elementary friction dissipation power

Both friction power]}/;ic(xn) given by4.46 and]}%ic(Ae, As, xy) given by4.47 are necessary to be calculated.

With the elementary velocity given b§.35and4.36 the two integrals are already explicit enough. Noti'rfg and
. are the number of elements before and after the neutral.gsimilarly as above we chose:

xp+ L x
nfle—trunc< ”h—: ) andneletrunc( h:)

so that the elements are smaller than a half of oscillatioiogde The sizes of elements before and after the neutral
point are then given by:

el

Xn — X —X
Axt =22 - ¢ andAx® = - .
Mete Mele

Using Gauss-Legendre integration method, we have:

m.o
]Vrcic(xn)%—o [IGWSSm (fer =L, xu,n3y,) — 1Gaussyp  (fe, xu, 0, nele)}

V3 (4.65)
with fo = x — /14 h"2(x)

And similarly:

m.o
]jgrl’C(Ae’ AS’ Xn) ~ \/§0 |: IGauSSlD (fU}J L/ Xn, ele) + IGauSSlD (fU}Jx'rl/O nele)}
(4.66)

with fo, = x — 0y (Ae, As, %, h(x)) (1 + h’2(x))

4.4.2.e Elementary tensions power

The elementary tensions power is explicitly given by theoseloequation oft.43

A
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4.5 Comparison withLam3-Tec3and other UBM models

This session is a comparison BM results obtained with three velocity fields: unitriangusaie, elliptical (or
simple) one and oscillating - the new one and the Finite Efgmi®lethodLam3-Tec3 TheLam3-Tec3s a software
developed by ArcelorMittal Group and several partneesn3-Tec3s able to give the solution (strain and stress fields)
at stationary state and the final mesh gives the material fiws.|

For this comparison, three rolling conditions correspagdb roughing mill, finishing and cold rolling mill are
considered (see details in Tall€l).

Case| Mill 2h, 2hs  red 2R T, Ts o)) m Ve
mm mm % mm Mpa Mpa Mpa m/s
1 Hot roughing 126.4 79.0 37.5 1043.0 0.0 0.0 76.000 0.6000/31B8
2 Hot finishing 1ststand 36.0 24.0 33.3 680.00 0.0 5.0 150.008000 1.50000
3 Cold tandem 1ststand 2.8 1.7 40.3 538.65 51.0 150.0 516.819974 6.45600

Table 4.1: Rolling cases for comparisondBM models and.am3-Tec3

4.5.1 Power and neutral point
Dependence oft}, and J; on A, and A

As discussed previously, the equatidns2implies that the optimization df (A., As) andx}: (A, As) with respect
to A., A; are obtained at a same valueAf, As. Indeed, this remark is confirmed for the case of roughingj(celse
1, Table4.1) by Figure4.5showing the dependence of, solution of4.50and]; given by4.51as a functions of4,
whenA; = 0. It can be seen also in Figude4illustrating the variation of!. andJ; as a functions ofi; for A, = 0
that the functions are optimum at the same valud of The same conclusion is observed with the finishing cormlitio
(Figures4.5and4.6) and cold rolling condition (Figure$.7 and4.8).

Furthermore, these graphics show also that the minimunesadéx} and]; are reached at, and A; which are
different fromo, i.e different from the simple (elliptical) velocity fielahition. By comparing the two graphics of each
rolling case (the graphics are not at a same scale), it casdretbat the optimum neutral positiay as well as the
optimum powerj; obtained by varyingi, are lower than that obtained by varyirg. That means, the oscillation part
from the entry side contributes more efficiently to the reaaturcof power.

4.36E+06 : -30 4.315E+06 -31.60
~Power function J1 - Power function J1
’§4.30E+06C - Xn1 1o 2 = 4310E406 f| , H-31.65 =
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Figure 4.3: Roughing Mill condition (case 1, Tall€l). Figure 4.4: Roughing Mill condition (case 1, Tall€l).
The dependence of, andJ; as functions ofA, when  The dependence of, andJ; as functions ofA; when
AS = O. Ae = 0.
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Figure 4.5: Finishing Mill 1st stand condition (case 2, Figure 4.6: Finishing Mill 1st stand condition (case 2,
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Figure 4.7: Cold Mill 1st stand condition (case 3, Table Figure 4.8: Cold Mill 1st stand condition (case 3, Table
4.1). The dependence of andJ; as functions ofA, 4.1). The dependence of, and]; as functions ofA;
whenA; = 0. whenA, = 0.

Comparison of optimum power to other models

The function]; (A,, As) as well asxl(A,, As) are both convex in both directions (see the graphics abdves.
optimum values ofd, and A; are obtained by 2D Newton-Raphson algorithm without difficurhe obtained results
are given in Tabled.2 4.3and4.4. The roll torque is evaluated by

J.R
T="—"—. 4.67
7 (4.67)
About the unitriangular velocity, the optimum power is giteresting in the case 1 - roughing mill condition. It is
lower than the that of simple velocity. But in the case 2 - haisfiing mill and case 3 - cold rolling mill, it is much
higher than the power given by the simple and oscillatingeity fields. In these cases, the multitriangular model
should give significantly better results.

In all the three cases, the oscillating velocity field givésvaer upper bound estimation of rolling powgrtorque
T and neutral position;, than the simple (elliptical) one. These new estimationsrareh closer t.am3-Tec3esults.
The three results tables shows that the improvement is ynéiahks to a decrease of plastic deformation pojygr
and secondarily to friction ongc.

4.5.2 Plastic area - discontinuity surfaces

Unlike the case of simple (elliptical) velocity field, witha oscillating velocity field the entry and exit discontityui
surfaced’, andI’; are not prefixed but they are outputs of thBM model. The obtained results corresponding to the
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Case 1 xn fs  Torque| Je I Tae | Jaer Teen Tpric i Re-Diff

Hot roughing mm % KNm/m| kw/m kw/m kw/m| kw/m kw/m kw/m kw/m %
Unitriangular 16.68 1229 0 2987 1095 4082 0 0 4082 24.00
Simple -31.62 2.241 1298 2934 479 0 3413 0 896 4309 18(35
Oscillating

A.=8.172e-9 | -35.10 2.976 1202 2642 562 56 3259 0 733 3992 12419
As=-8.6e-10

Lam3-Tec3 8.429 1168 3494 0 383 3876/5 14.24

Table 4.2: Case 1 - Roughing Mill. Comparison of the obtaipeders ofUBM using different velocity fields:
unitriangular, simple (elliptical) and oscillating wittam3-Tec3

Case 2 xn fs  Torque| Je I T | T Teen e J Re-Diff
Hot finishing mm %  kNm/m| kw/m kw/m kw/m| kw/m kw/m kw/m kw/m %
Unitriangular 14.3 435.0 0.0 1372 64% 2022.1 1029 0.0 1819.39.9
Simple -10.89 1.40 372.6/ 12954 1505 O0p 14459 91.3 289@43.8 12.8
Oscillating

A,=6.320e-8 | -12.07 1.80 351.8| 1252.3 1144 116 1378.3 916 265.4 1552.7.1
As=-4.927e-9

Lam3-Tec3 | -12.30 4.62 340.3 1378.0 94.2 2175 1501.3 4.2

Table 4.3: Case 2 - Finishing Mill. Comparison of the obtdipewers ofUBM using different velocity fields: unitri-
angular, simple (elliptical) and oscillating wittam3-Tec3

Case 3 Xn fs  Torque| Je eI Jaef — Jren  Jpric ] Re-Diff
Cold rolling mm % KkNm/m| kw/m kw/m kw/m| kw/m kw/m kw/m kw/m %

Unitriangular 17.1 310 0 5163 2898 8061.0 626.1 0.0 74349 4.381
Simple -4.212 393 704 1726.0 54.2 0.0 1780.3 555.6 463.5881 3.2

Oscillating

A,=8.06e-7 | -4.287 4.03 69.2 1723.3 315 0.4 1755.1 556.2 460.9 16599 7 1.
As=-8.41e-9

Lam3-Tec3 | -4.325 450 68.2 1745.0 558.7 4474 1633.7 0.6

Table 4.4: Case 3 - Cold rolling. Comparison of the obtainesqrs ofUBM using different velocity fields: unitrian-
gular, simple (elliptical) and oscillating witham3-Tec3

three cases of Tablelare given in Figurd.10 4.12and4.14 We can see that, at the entry side the first contact point
A is deformed at first then the plastic deformation advancegrpssively to the strip center. Inversely at the exit side,
the strip center stops being deformed at first and the costatdce (point B) is the last plastically deformed point.
TheLam3-Tec3esults given in Figure4.9, 4.11and4.13confirm also this remark.

By consequence, the discontinuity surfaces are no longéicgeplanes but curved ones resulting to a smaller
plastic deformation domaif). This, in addition to that fact that the oscillating velgciequires less deformation
power in comparison with the simple one on a same integrattonain, allows to decrease the plastic deformation
power.

4.5.3 Velocity isovalue surfaces

By construction of th&JBM velocity field, the discontinuity surfacés andI's are equally the limits between the
non-deformation and plastic deformation zones. Aslfam3-Tec3 the velocity discontinuity surfaces do not really
exist because the velocity field is continuous. The comparid discontinuity surface betwe&BM andLam3-Tec3
is not simple. However, this velocity field tbm3-Tec3aries strongly through small zones at the entry and exhef t
roll-bite. Hence, that should be interesting to comparadbealue surfaces of the velocity field which are the isogalu
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——Entry discontinuity surface
60 [ —— Exit discontinuity surface
— Roll surface
50 — Strip surface
E 40
£
w30 Plastic zone
20 L by UBM with oscillating velocity filed
10
0
-170 -150 -130 -110 -90 -70 -50 -30 -10 10

x(mm)

Figure 4.9: Case 1 - Hot roughing mill. Plastic deforma- Figure 4.10: Case 1 - Hot roughing mill. Discontinuity
tion area byLam3-Tec3 surfaced’, andI’s obtained by thé&JBM with oscillation
velocity field.

—=—Entry discontinuity surface

—— Exit discontinuity surface

Plastic zone
by UBM with oscillating velocity filed

-70 65 60 -55 -50 45 -40 -35 -30 25 20 -15 -10 5 O 5
x(mm)
Figure 4.11: Case 2 - Hot finishing first stand. PlasticFigure 4.12: Case 2 - Hot finishing first stand. Disconti-

deformation area biyam3-Tec3 nuity surfaced’, andI's obtained by thaJBM with os-
cillation velocity field.

z(mm)
o = N

20 -18 -16 -14 12 10 -8 -6 -4 -2 0 2
x(mm)

Figure 4.13: Case 3 - Cold rolling first stand. Plastic Figure 4.14: Case 3 - Cold rolling first stand. Disconti-
deformation area biyam3-Tec3 nuity surfaced’, andT’s; obtained by thaJBM with os-
cillation velocity field.

curves in 2D modeling.

To do this comparison, the isovalue cartography is, at filaioed with "GLview" a post-treatment software
allowing to visualize the results @bm3-Tec3 Figures4.15 4.17and4.19show the_Lam3-Tec3esults of longitudinal
velocity u, for the 3 rolling cases. The limits between two successiveega@re the isovalue curveswgf. Then, using
the same value of ratin, / V, we build the isovalue curves af, with UBM results (Figured.16 4.18and4.20.

If the hypothesis "a cross section will stay a cross sectafrthe simple velocity field is assumed, the isovalue
curves ofu, are the straigth vertical lines. Nevertheless, the resifiltsam3-Tec3s well as olUBM show that the
isocurve are very different from a straight vertical linésid the UBM results are relatively closed results to that of
Lam3-Tec3.

4.5.4 Oscillation of velocity field along the streamlines

4.5.4.a Streamlines

Existing methods for constructing velocity field é]... usually based on a the given stream lines. For example,
by assuming that the flow lines are circular or ellipticagttthe velocity fields will be determined. By this way, these
methods introduce also quite important constraints to #ecity fields because it is very difficult to imagine a very
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-170 -150 -130 -110 -80 -70 -50 -30 -10 10
x(mm)

Figure 4.15: Case 1 - Hot roughing mill. From the Figure 4.16: Case 1 - Hotroughing mill. From the left
left to the right hand side, the 9 isovalue curves (limits to the right hand side, the 9 isovalue curves obtained
between 2 successive colors) obtained byn3-Tec3 by UBM correspond to the same ratig/V, and the
correspond to the ratia,/V, =: 1.0464, 1.1062, last curve (in red) correspond tg. = 1.5840V, =
1.1659, 1.2256, 1.2854, 1.3451, 1.4048, 1.4645, 0.9967 V.

1.5243

70 -65 -60 -55 -50 -45 -40 -35 -30 25 -20 -15 -10 -5 0 5
X(mm)

Figure 4.17: Case 2 - Hot finishing first stand. Figure 4.18: Case 2 - Hot finishing first stand.
From the left to the right hand side, the 9 isovalue From the left to the right hand side, the 9 isovalue
curves obtained byam3-TecZorrespond to the ratio curves obtained biBM correspond to the same ra-
uy/V, =: 1.0507, 1.1010, 1.1513, 1.2015, 1.2518, tio ux/Ve. In addition, the last curve corresponds to
1.3021, 1.3523, 1.4026, 1.4529 uy = 1.4874V, = 0.99V;.

good and complete flow lines. For this reason, until todagepkcircular and elliptical flow lines, there does not exist
any other imagined flow lines pattern to approach rollingcpes.

The method that we introduce in this chapter discards thistcain. Contrarily to previous methods, the form
of the flow lines are not pre-assumed but complete resultheftodel. In order to simplify the comparison with
Lam3-Tec3vhere the number of elements in the half thickness is equid ttheUBM results will be analyzed at the
equivalent streamlines meaning 20 streamlines from thevstny line ¢ = 0) to the strip surfacez(= h(x).

Figure4.21shows the streamlines obtained by thBM with the velocity corresponding to the optimum value of
x, andA,, A, for the case 3 - cold rolling first stand. The streamlines araed from 1 (the symmetry line= 0) to
20 (the strip surface = h(x)). Before the roll-bite, these streamlines line are eqtadiswith a distance df, /19. It
can be seen the streamlines oscillate slightly througlhayplastic deformation zone, especially at the beginningef
roll-bite while before and after the roll-bite they are gifa and equidistant. Figure22illustrates that the streamlines
obtained byUBM andLam3-Tec3re very closed.

For the case 1 (roughing mill) and 2 (finishing mil), the stndiaes are not showed here but the numeration of
the streamlines is the same as showed in Figu2éfor the case 3. In this session, we will study the behaviohef t
velocity field along each streamline.

4.5.4.b Oscillation of longitudinal velocity

It should be reminded that the new velocity field is the sunhefdlassic part (simple velocity) and the oscillating
part (see the expression of velocity field givench$Q Figures4.23 4.25and4.27 show the optimum velocity field
obtained byUBM along the stream lines 1, 5, 10, 15 and 20 for the three rotlasgs. In all the cases, at the entry of
the roll-bite, the stream line 20 (in contact surface) isfifgt that starts to increase its velocity, meaning it is deted
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_ ] _

Figure 4.19: Case 3 - Cold rolling first stand.
From the left to the right hand side, the 9 isovalue
curves obtained byam3-TecZorrespond to the ratio
uy/V, =: 1.0983, 1.1679, 1.2375, 1.3070, 1.3766,
1.4462,1.5157, 1.5853, 1.6549.
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4.5 Comparison witham3-Tec3and othelUBM models
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Figure 4.20: Case 3 - Cold rolling first stand. From
the left to the right hand side, the 9 isovalue curves
obtained by UBM correspond to the same ratio
Uy / Ve.
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Figure 4.21: Case 3 - Cold rolling first stand. StreamlinesFigure 4.22: Case 3 - Cold rolling first stand. Compari-

obtained by th&JBM with oscillating velocity.
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Figure 4.23: Case 1 - Hot roughing mill. Longitudinal

velocity obtained byJBM .
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Figure 4.24: Case 1 - Hot roughing mill. Longitudinal
velocity obtained by.am3-Tec3

first, and progressively the line 15, 10 ... and the line 1 atdénter of the strip is deformed last. In this area the
velocity of line 1 increases more and more slowly while theglitudinal velocity of other lines increases more and
more quickly. And after about a half entry thickness the tany is inverted, the line 1 is the fastest and the line 20 is
the slowest. This longitudinal velocity field along a streléme oscillates around the classic part which is the same for
all stream lines. The period is similar to the thickness Wwhiaries fronvi, at the entry tdi; at the exit of the roll bite.
The amplitude of this oscillation decreases along the itdl b

Figures4.24 4.26and4.28show the longitudinal velocity obtained ham3-Tec3 While in the case 3,am3-Tec3
andUBM give a very similar forward slip (see Tabded), the forward slip obtained blyam3-Tec3n the case 1 and 2
is higher than that obtained WBM (see Tableg.2and4.3). That means the entry and exit velocities are also higher
which can be seen by comparing Figdr23to 4.24and4.25to0 4.26 Nevertheless, it can be seen in these figures that
the velocity fields obtained blyam3-Tec3scillate with a same periodicity as those obtainedJBM . Even though
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4.5 Comparison witham3-Tec3and othelUBM models
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Figure 4.25: Case 2 - Hot finishing first stand. Longitu-
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Figure 4.27: Case 3 - Cold rolling first stand. Longitudi- Figure 4.28: Case 3 - Cold rolling first stand. Longitudi-
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the amplitude of oscillation byam3-Tec3s higher but the order of velocity value of the streamlireethie same (from

the fastest one to the slowest one).

4.5.4.c Oscillation of vertical velocity
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Figure 4.29: Case 1 - Hot roughing mill.

obtained byUBM and its simple part.
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Figure 4.31: Case 2 - Hot finishing first stand. Vertical
velocity obtained byJBM and its simple part.
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4.6 Conclusions and perspectives

-70 -65 -60 -55 -50 -45 40 -35 -30 25 20 -15 10 5 O 5

x(mm)

Figure 4.32: Case 2 - Hot finishing first stand. Compar-
ison of vertical velocity betweedBM andLam3-Tec3
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Figure 4.33: Case 3 - Cold rolling first stand. Vertical
velocity obtained byJBM and its simple part.

Figure 4.34: Case 3 - Cold rolling first stand. Compar-
ison of vertical velocity betweeddBM andLam3-Tec3

Figures4.29 4.31and4.33show the vertical velocity field as well as its simple partaded byUBM along the
stream lines 1, 5, 10, 15 and 20 for the three studied rollames. Obviously, along the center, line 1 the vertical
velocity is equal td) and there is no oscillation of vertical velocity. As for thentact surface, line 20, the oscillation
is relatively small. Merely along the other streamlines\keical velocity field oscillate around the simple part and
the oscillation can be very important. These oscillatiomsssame period equal to the strip thickn®issy) as that of
the longitudinal velocity and their amplitude decreasss #lom the entry to the exit.

It can be seen in Figures3Q 4.32and4.34that like the longitudinal velocity, theBM vertical velocity field is
quite closed even if the oscillation amplitude is less int@orthan the.am3-Tec3esult.

4.6 Conclusions and perspectives

4.6.1 Conclusions

The present chapter introduces a new approach of the vefadis in the roll-bite and gives a high understanding
about a particular phenomenon: the velocity oscillatediapain both thickness and longitudinal directions. We
presented a new optimization strategy that consists inirdhtaan equation determining the optimum neutral point.
This result allows to improve the numerical algorithm aslaslthe calculation time. THeBM using the new proposed
velocity family results to an optimum velocity that osciéla spatially throughout the roll-bite with a psudo-peegdal
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to the local strip thicknesk(x). This obtained oscillating velocity field matches very whk Lam3-Tec3esults and
improves the upper bound of rolling power and torque in camspa with the simple (elliptical) velocity field. This
velocity field has characteristics of both elliptical (combus) and multitriangular (rigid movements) velocitydg

4.6.2 Perspectives
Polynomial velocity family

As explained previously, the oscillation velocity allowssreduce mainly the deformation power. Consider now
the family F(x,z) = ¥_g;(x).z'Vi # 2 that is introduced in the sectigh2.2 This family would allow to model the
heterogeneity of mechanical fields across the thickness.uBlike the oscillating one, it allows especially to have
higher strip speed on the contact before the neutral potht@mer strip speed on the contact after and this fact would
help to reduce the differential velocity between the strig the work-roll and reduce therefore the friction powereTh
numerical calculation presented in this chapter enabkestirdy bylUBM with this polynomial velocity field family.

As can be remarked from the results showed in Tdl#le4.3and4.4, the oscillating velocity field gives very closed
deformation power tham3-Tec3ne while the friction power is significantly higher. Hensydying this polynomial
velocity field may be interesting.

Perturbation of velocity field around the neutral point

By definition, the neutral point is the point where the cohslear stress (friction stress) is discontinuous (pasitiv
before and negative after). This discontinuity of frictioreates a discontinuity of the shear stregsmeaning that
for the material with Mise’s behavior without viscosity eft (given by3.13, theé, is also discontinuous. All the
previous continuous velocity fields (eccentric, simpligpétal and oscillating) are not able to take into accoumis t
phenomenon. In order to model that, it is necessary to sepidu@ roll-bite into two areas with a discontinuity surface
at the neutral point. Furthermore, as the neutral point tsknown and needs determining, it is necessary to build
a velocity field depending explicitly on the neutral point.edhing that the neutral point is not only involved in the
velocity field via the flow rate a4.39but the elementary velocity field depends also ornthe

Moreover, we can observe that tbBM under-estimates the forward slip in comparison viitm3-TecFor all
the three rolling cases while neutral point obtainedM8M is quite closed tc.am3-Tec3 Inversely, the unitriangular
over-estimate it. This fact is not a random and can be exgtblny the existing of a neutral zone - sticking area (but
not a point). With much more freedom degree the velocityarh3-TecZan approach the actual one even around the
neutral point and is able to model well the neutral zone. Tgid motion model such as multitriangular one is able
to model the neutral zone. The triangular that correspamtiset neutral zone rotates around the work-roll center with
the same angular velocity. For this reason, the longitudielcity increases from the surface contact h(x;) to
the strip center = 0. While continuous velocity fields studied until our daysgeuwtricity, simple-elliptical, circular
or oscillating ones) have flow patterns (elementary pad do not depend on the neutral point. Meaning that, at the
neutral point, the distribution of longitudinal velocitgrass the strip thickness can be different from that deedrib
above for neutral zone. That is why these models under-atgixery often the flow rate through the cross section at
the neutral point.

The oscillating velocity with advantage of low deformatjmower and the multitriangular with advantage of neutral
zone modeling can be combined together to create the new Bine.idea is to model the neutral zone as a rigid
curvilinear triangular with a base denoti®gN, on the surface of the roll and with an apBxn the plane of symmetry
as shown in Figurd.35 This triangular rotates around the work-roll center witbeane angular velocity. Before this
neutral zone the velocity is the oscillating one giverdbjOwith

F(x,z) = Ae [Ge(x +2) — Ge(x — 2)] Ke(x).
And after the neutral zone with

F(x,z) = As[Gs(x 4+ 2z) — Gs(x — 2)] Ks(x).
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4, Oscillation of mechanical fields in roll bite 4.6 Conclusions and perspectives

Finally, this model needs equally only three parametkrsA; andxp position of the neutral triangular apex. The
curvesPN; and PN, are two surfaces of velocity discontinuity that could beedetined by the same method for
determination of entry and exit discontinuity surfafe@andI’; (see4.4.2.3.

v

Figure 4.35: Proposition of combining model: oscillatirgjacity with neutral rigid triangular.

A

ArcelorMittal  Quang-Tien Ngo - 2015 95



4, Oscillation of mechanical fields in roll bite 4.6 Conclusions and perspectives

A

ArcelorMittal  Quang-Tien Ngo - 2015 96



Chapter 5

Rigid-plastic UBM model for width spread

The first two sections of this chapter show a relatively widdgof existing models
for width spread. Important effort began in the area of th&@'9 in developing
empirical formula to predict the spread. The most populae®are [L15 104, 43,
14]. Later, several 3D analyses using FEM for flat and shapengl[77, 78, 54]
where the shape and the spread are predicted. Montmitonttgtgives even a
complete thermomechanical solution. However, as the FEMelsknown to be
high time-consuming, the UBM is more commonly used thaniks $omplicity and
rapidity. Some typical UBM model59, 99] with interesting velocity fields are then
presented. The third section is an analysis of 3D kinembyieaimissible velocity
fields suitable to the flat thin strip rolling that is followdy an UBM analysis. A
parametric study brings out the impact of rolling paramsten the width spread
of the strip. And the UBM results show a very good agreemettiinparison with
the experiments performed at ArcelorMittal (AM).
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5. Rigid-plastic UBM model for width spread 5.1 Statistical models for width spread

5.1 Statistical models for width spread

5.1.1 Typical empirical formulae

Although many studies on rolling problem allowing to estimeoll force and torque have been carried out, the
width variation problem had remained for a very long timeelébus. Considerable effort began in the area of the
1960's. During that period emphasis was placed on devejogimpirical formula to predict the net spread. The most
popular authors of these formulae are WusatowskH], Hill, Sparling [L04 and Helmi & Alexander 3] and Beese
[14].

Table5.1gives some typical empirical formulae giving the width sardéactorS defined by
(2
S = h" (5.1)
In (h—z)

as a function of geometrical parameters ratios determitiegolling conditions.

Authors Using®e, @ Using %, I, 7

Siebel [L0]] ~0.35 (2“%)_1 e 035 (i) - (%)_0'5 o

Hill * (1950) Jexp [~ 515 %] bexp [~ 515 (&) (%)o.5r_0,5
Wusatowski [19 | exp [ 1.9872 (%=) o (h )012 ro-ﬂ exp | ~1.9872 (3) (%)0'56}
Sparling [.04 0.981 exp {—1.615 (ZZL‘%) (Z,;’—) 0.981exp | ~1.615 (1 )09 (ZThe)OSSr—o 2
vomisao5s () o[ () () " o9 (5) e [ (8" ()"
Beese 4] 0.61 (%) Y exp (—0.38%) 061 (%) e {—0.38 (%’%)0'5 r_oﬂ

Table 5.1: Some typical empirical formulas giving the wig#riation factorS. It is important to note that the authors
use, in their original formulae, total initial widtlv, total initial thicknesdz; while in the present thesis we use half of
initial width w, and half of initial thicknes#,. That is why these formulae seem to be different from thénadignes.

Effect of the thickness reduction ratio An increase of the thickness reduction rati¢in keeping a constant
entry thicknes#,) leads to a longer contact length. Therefore the resistinelngation in the longitudinal direction
will be increased and the metal will be forced to spread méfextvely in the lateral direction. This tendency is well
confirmed by Siebel formula, Sparling formula, Hill formutdelmi & Alexander formula and Beese formula. As can
be deduced directly from the formulae shown in Tahlg they predict a strong, much more than linear, dependence
of width spread coefficient on the reduction. The exceptmthts trend is the Wusatowski formula that predicts a
constant width spread coefficient when the relative reduaetincreases.

The absolute spread can be deduced fioiras

Aw = w, l(Z—‘;)S—I] . (5.2)

This equation implies that the absolute sprédad depends in a similar manner as the spread coeffidemt the
thickness reduction ratio.

Effect of slab initial width  All empirical models predict a steep decrease of the widthagh coefficient with an
increase in the slab initial width. This means that the rafithe transverse elongation to longitudinal one becomes
smaller when the initial width increases. It is worth to ntiat the absolute width spread also decreases with an
increase in the initial thickness although not at the sarteeasithe width spread coefficient.
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5. Rigid-plastic UBM model for width spread 5.2 3D rigid-plasticUBM for width variation analysis

Effect of slab initial thickness The width spread coefficietst generally increases with an increase in the initial
slab thickness if the relative reductioris kept constant. The exception to this trend is the formelived by Helmi
& Alexander. This model predicts that when the initial thielss increase, width change increases then decreases after
reaching a maximum at a certain initial slab thickness.

Effect of slab roll diameter Similar to an increase in the reduction ratio, an increagaenwork roll diameter
produces a longer contact zone between the roll and the Blab.would increase resistance to the longitudinal elon-
gation thus causing an increase in the metal flow in the ledénection. The qualitative evaluation if this phenomenon
is analytically confirmed by all empirical models presentethis section.

5.1.2 Domain of validity - unsuitable for cold rolling

The empirical approaches introduced in this section arbastd on the resolution of equations but on the analysis
of experimental results. The experimental results weflgeeiextracted from industrial production or issued from
laboratory experiments specifically performed to measarestudy the strip width variation. In these experiments,
the strip are sometimes made of steel but sometimes of dimimaterials such as lead or even plasticine. That is a
reason using these models for quantitative evaluation dthwariation in steels rolling may be degraded due to the
fact that the elastic deformation (of plasticine) as weltleermal deformation are negligible. For the same reason,
extrapolation of these formulas to the rolling conditiorfset are different from the experiments ones, the resutis ca
be hazardous.

Parameter Unit Siebel Wusatowski Sparling Helmi & Alexande
Year of publication 1932 1955 1968 1968
Environment Laboratory Divers industrial data Laboratory Laboratory
Material Low carbon stee Carbon steel Carbon steel 0.186441 s
Temperature °C 700-1200 1000-1200 1000
Velocity m/s 04<V. <17 V. <06 V. <0.15
Reduction %| 10<r<50 10<r <90 10<r <30 10 <r <30
Work-roll radius mm| 90 < R <215 210 < R <600 125 47.5
Initial width mm | 6 < w, <200 5 < w, <180 33 < w, < 250 5 <w, <80
Initial thickness mm| 3.3 <h, <61 2<h,<90 127 < h, <254 47 < h, <127
Table 5.2: Rolling conditions of trials allowing to tune tBmpirical models.

Table5.2 shows the rolling experimental conditions of the trialst thléow to elaborate the empirical models men-
tioned above. It can be seen from this table that, these doofaialidity of these empirical models correspond to
billets (long product) rolling or flat hot rolling. It is thefore not recommended to extrapolate these formulae to the
cold rolling domain where the width over thickness ratioi@sifrom 400 to over 2000 for automotive product rolling
and up to 5000 for packaging product rolling.

5.2 3D rigid-plastic UBM for width variation analysis

5.2.1 Advantage ofUBM in comparison to FEM and empirical models

In the literature, there are many analyses usigiy/ for flat and shape rolling such a7, 78, 54] where the shape
and the spread are predicted arid][where a complete thermomechanical solution is even foGwne efforts have
been made in order to reduce the computing capacity and @eeain authors, based on thdM , use numerical
methods for integration which are similar EEM , [58, 1]. Nevertheless, th&EM stays generally at high time-
consuming level. That is the reason why thBM is commonly used thanks to its simplicity and rapidity. Oe tither
hand, unlike the empirical models presented aboveUtBb! is physical and fully predictive. It is, hence applicable
for any range of geometrical parameter ratio including colting conditions with high width-thickness ratio. In the
present thesis, we are interested inti&M 3D rolling analyses.
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5. Rigid-plastic UBM model for width spread 5.2 3D rigid-plasticUBM for width variation analysis

As a reminder, the principle ¢JBM is based otheorem 23.17) stating that among all kinematically admissible
velocity fields the actual one minimizes the rolling powendtion 3.27. Applying this principle to rolling process
require that the work-roll shape is given, the strip matésiegid-plastic and the friction shear stress is knownesaa
friction for example (see more detail §11.2. Thus, to model the width variation problem BBM , the main pointis
to build kinematically admissible velocity fields for 3D liah problem.

Before introducing the typical existingBM -based models for width spread analyses, it is worth to nati$-a
ference between 2D and 3D boundary conditions that may mfli¢ghe velocity constructing method as well as the
resolution ofUBM .

5.2.2 Difference between 2D and 3BM

Lateral free surface: In a 2D model, there are boundary conditions imposed on tleeitge field at all the four
boundary surfaces of the roll bite : entry, exit, the consacface and the surface of symmetry- 0. However, ina 3D
model, there is a free surface, the later surface defined-byw(x) on which the boundary condition is not imposed
on the velocity field but on the stress fielg;(= 0). The difficulty is that theactual velocity field needs to be, in a
steady state, tangential to the free surface but a kineatlgtexdmissible one does not necessarily verify this coonlit

How can we, thus introduce a family of such kinematically &ible velocity fields?

A solution for this difficulty is: imagine airtual boundaryfor the velocity field noted(x) which can be different
from w(x) so that the velocity is tangential to thigtual boundary Thus, we can easily represent the kinematically
admissible velocity field thanks to this virtual boundargdtion.

Change in resolution strategy: As already mentioned in the paragrapi.l.a the principal difficulty of the
stationary models is that the geometry of the strip durirdyafter deformation is an additional unknown of the problem.
In our problem, the functiow(x) is the unknown that we are interested to search.

To find the functiorw(x) at the equilibrium state, let first initialize it as(x) = w, for example. Then using the
principle of theUBM , search for the velocity field represented by the virtualiztary ¢ (x) that minimizes the rolling
power. If the virtual boundary is equal within a certain pséan to the functionw(x), we have a velocity field that is
tangential to the real free surface and that is the stablgisnl Otherwise, ifp(x) # w(x) within a certain precision,
the velocity is not tangential to the real free surface, tlagemal has tendency to flow to have a new boundary that is
¢(x). Therefore, takev(x) = @(x) and repeat the operations. In general, after few iterattomsonvergent geometry
is obtained. That is the main change in comparison withllBM models.

5.2.3 UBM with 3D "simple" velocity field [ 83]
5.2.3.a Model description

Oh et Kobayashig3] are one of the pioneers who applied tHBM to 3D analysis of rolling process. The authors
supposed a velocity field as follows

ux(x/y) = Cvolm

uy(x,y) = Cvaz% (5.3)
_ i (x)z

uz(x,z) = CvolW'

whereg(x) is the velocity virtual boundary which coincides to the whidinction for the actual velocity at stationary
regime. Let call this velocity field "3D simple velocity fiéldbecause like the 2D simple one (s88.2), this 3D
velocity field states also that a cross section remains @ sedion under the deformation along the roll bite.
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5. Rigid-plastic UBM model for width spread 5.2 3D rigid-plasticUBM for width variation analysis

In order to compute and minimize the power function given3b37, the authors parameterize the free surface
functiong(x), that represents the width evolution, as a third-ordermpatyial inx. The function is chosen so that

w(—L) = w,
, (5.4)
w (0)=0
With these two equations, the width function can be represkny a third order polynomial of as follows
ﬁ 3 2 :B 2u 3
q)(x):we+tx+<z—§ x°+ 2 ;3)% (5.5)

with two unknown parameters that are the total width variation an@ = w' (—L) - sloop of width function at roll
bite entry.

In addition of these two unknowns, there is an other paramtte flow rateC,,; which can be expressed as a
function of the neutral line position (neutral point in 2D d&b) x,,. The three parameters are obtained by minimizing
the rolling power functionThis model is studied in detail in the following sect®B of the present chapter. It results
are compared to pilot (laboratory) rolling experiments agkow a good agreement. The question on the rapidity
(computing time) is also investigated.

5.2.3.b Parametric study - application to Hot Finishing Mill

D.Pirus P{ reproduced successfully this modefartran and validated it by comparing with the results published
by Oh et Kobayashid3]. Pirus used Newton-Raphson method for the minimizati@oldion of rolling power. He
carried out, then a sensibility study of the width variatfonfinishing mill conditions. This study led to a conclusion
that the width variation is always positive, meaning thastiways spreads out under rolling process. And the spread
increases with an increase in the reduction, strip entokttéss, work-roll diameter or strip yield stress. Inversil
decreases with an increase in strip width, entry and exsioas, friction coefficient and work-roll Young modulus.

5.2.4 UBM with combination of basic velocity fields by Komori [59]
5.2.4.a Velocity field

In 2002, K. Komori p9] introduced a newBM to analyze the 3D deformation for rolling. He proposes toeepnt
the velocity field as a linear combination of predefined fundatal velocity fields:; as

U= au;. (5.6)
y y
+§ /F+
—= —
== g
= = = 7 = —=
—_— —_— ]’ = —= —
— = =
— = > > = =
s = = = = = =
0 * 0 *
i T i
0
S T TS = — i - =
—_ > = = —= — —
e~y —_ = = =
—_— 5 = = = =
e~ S x —_— = > —= x
0

E
z

Figure 5.1: lllustrated fundamental kinematically adrfitesvelocity fields: (ay; and (b)u, (Fig.4 in [59)).
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5. Rigid-plastic UBM model for width spread 5.2 3D rigid-plasticUBM for width variation analysis

In the article, two fundamental fields are mentioned. The éireeu, is similar to the 2D simple velocity field
3.61, called equally "elliptical velocity field"3.3.5 representing the deformation in thickness directionr{plstrain
deformation)

h
Uix = VCZE
he zh'
Uiz = ch7~
The second fundamental velocity field representing the deformation in width direction is given by
Uy = V¢
yh
gy = —Ve= - (5.8)
zl
Upz = VCT-

5.2.4.b Calculation and minimization of power function

Using the velocity given b$.6, the power function defined [8.27becomes a function af,. And the integrations
are obtained using similar method as finite-element araly$he first and second order derivatives of the power
function with respect ta; are also derived analytically before being integrated miscally. Then, the minimization of
the rolling power is performed with respect to two parangigranda, by the Newton-Raphson method.

5.2.4.c Discussions

Komori's combination method advantages: Itis worth to highlight that, with the proposed combinatioathod
for constructing velocity field, the structure of the comgmyirogram is quite independent to the choice of fundamental
velocity fields. It seems, therefore relatively simple toieimthe velocity field and quality of the analysis by assugnin
more kinematically admissible velocity fields.

Regarding unknown integration domain: However, unlike the resolution proposed in the paragéaft®, only
one iteration is performed by considering that the domaimtfgration (strip geometry) is the initial configuration
without width spread. Then, the optimum velocity gives a rgwometry for the strip which is considered as the
final geometry of the strip in stable regime. While accordimgs, it would be necessary to repeat the operations by
integrating the power over the new geometry and find the ndecitg field, then repeat again until the velocity field
is tangential to the free surface.

Surface of velocity discontinuity is assumed vertical: In the paper, the author considers that the entry surface of
velocity discontinuity is a cross section. That is true bincwence for the chosen velocity based on two fundamental
onesb.7and5.8 However, when other fundamental velocities are chosedaed, the surface of velocity discontinuity
may be different from a cross section and need to be detedbiased on the velocity field. Sdet.2.aan example of
method for numerical determination of surface of velocigcdntinuity for a 2D velocity field.

The "3D simple velocity fields" family includes Komori's one: In his paper, the author only presented two
velocity fields given bys.7and5.8. It is not difficult to demonstrate that the combination afgk velocities following
5.6is a specific case of the "3D simple velocity" given®®. Indeed, if we chose the virtual boundary functipfx)
andC,,; as follows

Coot = (a1 + a2) Vehewe

LI A

1 (5.9)
QD(X) We Cvol
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then the "3D simple velocity field" can be expressed by
Usimple = A1U1 + axuyp (5.10)

equal to Komori’s velocity. In other words, the "3D simpldaity fields" family includes and becomes Komori's for
a specific choice of functiop(x) given by5.9.

5.2.5 UBM with 3D polynomial velocity field [99]
5.2.5.a velocity field using dual stream functions

Serek P9 proposed, in 2008 a model for plate rolling in hot and colddition usingUBM . The velocity fields
are constructed by means of Dual Stream Functions and tltepiigstic boundary at the entrance of the roll bite is
assumed to be a quadratic form instead of a plane and normallitay direction. By using Dual Stream Functions
as partly given in 17, the unknown three velocity components can be reduced ¢oamd the incompressibility
condition is satisfied. By defining(x,y,z) and x(x,y,z) stream functions, the velocity components u,, u in
three dimensional non-compressible flow are written asvt

oy
T 9yoz 9z oy

dpox _ 9P Ix
== 5. " 3.as 5.11
T zox T ax oz ( )
h = Pox 9P Ix
“7 9xdy  dy ox
The volume flow rate at any cross section in three dimensioy@idinates is written as
Q=(2—1) (x2—x1)- (5.12)
y
i \
i \
We . \
i i
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A / < ///
5 7 Zg Ve i
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Figure 5.2: lllustration of deformation zone correspoigdin Serek’s polynomial velocity field (Fig. 1 i®]).

Based on previous studie$d, 71], Serek P9 chooses a stream function for metal flowxin- z plane defined in
the roll bite, as follows

Z
¥ = Coa {7+ f(x)zlz— ]} (5.13)
wheref (x) is a gradient of velocity distribution in horizontal diremt. Some mistakes are observed the formulae of
{ given by equations 5 and 11 in i8] but the velocities deduced from the stream functions aresct
Metal flow iny — z plane of the roll bite presented by the stream function devisl

__Y
x=-2 (5.14)
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5. Rigid-plastic UBM model for width spread 5.2 3D rigid-plasticUBM for width variation analysis

wherew is the width profile at the free surface. This function is @as a third order polynomial so that its derivative
is equal to zero at entry = — L and exitx = 0 (our point of reference is different frond§]) of the roll bite, then

(5.15)

3 2
w:we—l—Aw{l—zx Sx].

R

The rigid-plastic boundary (surface of velocity discontig) at the roll bite entry can be determined by equality of
flow rate before and inside the roll bite

0= Con { 2+ 012 et~ 1]} = o) 516

then
B ik 5.17
zg(x)fh—kW. (5.17)

By assuming that this entry surface is quadratic and theoestis vertical, the functiofi(x) can be deduced as
f(x) = ax? (5.18)

If L; denotes ther-distance between the starting and finishing points of the/aarfacel’, we have

1 1 1 1
he — h(L-L) _ WL, —L) T
oL -02 T oD -0 (5.19)

OZZE(Ll —L) :h(Ll—L)—|—

L1 is an output of the model which is determined by the optiniirabf the power function. The velocity is finally
obtained as

e = Cor | + S0 1) &
ity = Co | + S0 22— )] 2 5.20

1ty = Cyol % + f (x)z(z— h) — f(x)zh/] %

This velocity field verifies all kinematically admissibleraditions. Figureb.2illustrates the deformation area as well
as the parameters of Serek’s velocity field.

5.2.5.b Calculation and optimization of power function

The calculation and optimization of the power function isfpemed numerically irMatlab. We remark however
that, according to the paper nomenclatutejenotes "Coulomb" friction but the author does not explaidétail how
the friction power can be calculated. Tleseems to be actually "Tresca" friction coefficient.

5.2.5.c Discussions

The velocity field given in this paper is interesting. It aloto model a non-vertical surface of velocity discontiguit
at the roll bite entry and more general than the 3D simple forea(same choice ab).

Non-null shear strain rates on surface of symmetryz = 0: Itis noted that the shear strain ratgs andeé,,
deduced from the velocity fielf.20are not equal to zero when— 0. Meaning that the shear straip, ande,, are
different from0 closed to the surface of symmetry,— 0. This fact seems unrealistic. However, the condition of
nullity of strain rates,; andé,; whenz — 0 (two first equations o2.3) are not strictly necessary conditions for any
kinematically admissible velocity field although the adtedocity field, being continuous and continuously derieab
itself verifies these conditions.
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Integration domain: The paper does not precise how and what is the geometry dfith@ser which the power
function is integrated. If the geometry of the strip is colesed as the initial one, this is the same mistake as Koromi’s
model. If the strip geometry is defined by the width functiogiven by5.15that is also used in the velocity expression,
the results should not be corrects because in this manrtbrgbometry of strip and velocity vary during optimization.
The correct way is to fixe the strip geometry and to vary ongyklocity. That is why, it is necessary to introduce a
virtual boundaryp and an iteration method as explained in the paragbapl2and in Figure2.2

Results and comparison to experiments The rolling experiments were performed using the work roflshe
mill, having a diameter of 200 mm and a length 150 mm, drivea 8% kW constant torque, dc motor. The roll speed
is kept constant at 20 rpm, giving a roll surface velocity 8®2nm/s. Following Sereks¥BM model, the rolling force
and elongations in horizontal and vertical directions wemputed for a bar of rectangular plate with dimensions of
10 x 50 x 150 mm. The optimum velocity field was attained affgirization of the power function and the analysis
was carried out with the optimum velocity field.

Nevertheless, there is no detail about the method for appieg the rolling pressure and the rolling force but the
results of these parameters were presented. On the othaérthargraphic 4 and 5 show that the rolling force reaches
minimum for an optimum value of total spread. This can lead tnisunderstanding "why the rolling force but not
the power or torque as expected?". In addition, the reshitiesshat a total spread equal to 25 mm, i.e 50% of width
spread that is a very high spread ratio. Moreover, the widtkad is quite constant as a function of reduction. It is
almost equal to 25 mm for all levels of reduction from 10% t&4%0These results of the width spread behavior are
quite unexpected and in the contrary in comparison to otloetats.

5.3 Chosen rigid-plastic model of width variation in rolling

5.3.1 UBM is chosen

As already mentioned above, the statistical models areitoples to be representative all the varying rolling con-
dition in rolling. The FEM models require inversely high computing time while recantiies showed relatively
high-quality developments of tHéBM for width variation analysis. There were advancementsrimseof both veloc-
ity fields approaches and numerical methods giving advarghgimplicity and rapidity. We propose, hence to use the
UBM of which the principle is studied in the previous chapters.

We propose to use the resolution regarding the free sugfacew(x) given in the paragraph.2.2thanks to a
virtual boundary of the velocity fielg(x). And the resolution is solved by iteration method until theual and the
real boundary are identical within a chosen precisipfx) ~ w(x). In each iteration, the minimization of rolling
power is calculated by the Newton-Raphson method.

Concerning the numerical method for integration of powerction and its derivatives, the effort is made in or-
der to go as far as possible analytically before using nurtakmethod. That is important point allowing to reduce
significatively the number of elements required and theeefioe computing time.

5.3.2 Assumptions of the model

This section presents general assumptions that define tigitioms cold rolling process, denoted@# (General
Assumptions). Although, some of them have been alreadyioresd in previous chapters or sections, let list them all
together.

5.3.2.a GAl-Symmetry

Only symmetric rolling is considerede the rolling stand is top-bottom and left-right (operatootor sides) sym-
metric. This hypothesis is already discussed in the paphd2dl.1.b As a consequence, it is sufficient to study a
quarter of total geometry of rolling mill.
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5.3.2.b GA2 - Work roll shape

The roll is considered to have no initial bending meaningaight profile across the width direction. On the other
hand, it can be flattened and its radius is determined by Efitckis model. In other words, the roll is considered
cylindric without bending having the deformed radius. Hiere, the product thickness is constant in along the width
direction, denoted (x).

5.3.2.c GAZ3 - Tresca friction law

As discussed in the sectidhl.2 the friction between the strip and the roll is an internat®&and Tresca friction
law 2.13is assumed because the friction stress is known as a furaftibe material yield stress.

5.3.2.d GA4 - Strip rigid-plastic behavior

The strip mechanical behavior is considered rigid-plastiisfying Von-Mises criterion. As a consequence, the
material is incompressible under deformation

. duy ouy  Ju, _

and the velocity field is homogenous and unidirectional teefmnd after the roll bite.

The three assumptiorBA2, GA3 andGA4 are necessary and enable to applyWM . They are already men-
tioned in one of previous chapter (see sec8ahd.

5.3.2.e GAb - Average behavior across thickness direction

GA5: In automotive rolling process, the product thickness is Imaroaller than its width and the contact length.
This reality induces to an assumptioBA5) as follows: the vertical deformation rate is constant asrthickness
direction, meaning the componeit (x,y,z) = éz:(x,y). That implies therefore a linear vertical velocity as a
function ofz

uz(x,y,z) = z.€22(x,y). (5.22)

Further, issued from the equatioh21and5.22we assume also that. andu, do not neither depend an The fact
that transversal velocity, does not depend animplies that the strip width profile is independentzodind therefore
becomes a function of, denotedv(x).

Validity: A deep analysis of 2D velocity field byam3-TecaandUBM is done in the chaptet. As a result of
this analysis, Figurd.34shows that even for thin strip cold rolling condition. (= 1.4mm, L, = 17mm) the velocity
field oscillates significantly around its average behawpresented by the 2D simple velocity. The assumpfigtb
seems therefore unrealistic.

However, the real question is "what is the impact of the vigJazscillations on the width variation". To answer to
this question, let compare sevetaim3-TecZkimulations using 5 elements (fine mesh) and 1 element inttipehslf
thickness. Figur®.3 shows results in terms of width spread for different meshifige fine mesh has 5 elements in
the half thickness and the others has only 1 element in tHdHiekness. It can be see that the results with different
meshes are practically the same. Moreover, by remarkirignitia 1 element in the thicknessam3-TecZonsiders a
homogenous deformation in the thickness.

The hypothesi&A5is finally confirmed in the case of narrow strip rolling. We mengerstand th&A5 as follows:
in terms of width variation, it is enough to consider the ag behavior of the velocity field in the thickness direction
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Figure 5.3: Comparison of width spread between differenshee with2R = 298.3mm, 2h, = 1.31mm, 2w, =
70mm, 2hs = 0.872mm, Coulomb frictiony = 0.0744.

5.3.3 Choice of velocity
5.3.3.a General velocity field

By using Dual Stream Functions, a 3D velocity of an incomgitde material in the plastic deformation zofe
can be given by.11 And the boundary conditions of this velocity field are:

« Boundary conditions on the surface of symmetry 0:

P(x,y,0) = const¥(x,y) € [—L,0]x[0, ¢] (5.23)

» Boundary condition on the contact surface- i1(x):

Y(x,y,h) = constV(x,y) € [—L,0]x[0, ¢] (5.24)

» Boundary conditions on the surface of symmetrs: 0:
x(x,0,z) = constV(x,z) € [—L,0]x[0, h] (5.25)
» Boundary conditions on the virtual free surface= ¢:

x(x,¢,z) = constV(x,z) € [—L,0]x[0, K] (5.26)

5.3.3.b Choice of stream functions

The assumptio®A5 implies that ther — z plane stream functiof is linear as a function of. Thus, thanks to two
boundary conditions on = 0 (5.23 andz = h (5.24, we can choose the— z plane stream functiott as follows

P = cw,%. (5.27)

The same assumptidBAS stating further that:, andu,, do not depend on, implies thus ar — y plane stream
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function independent of. It is easy to verify that the following function

y=-Y2 (5.28)

P
is a solution by verifying both boundary conditions pn= 0 (5.29 and ony = ¢ (5.26. This solution describes
a constant strain raig,, across the width direction. We remark that any other y stream function verifying the
assumptiorGAS5 can be written as a sum of this simple solution and an addition depending om andy as follows

x=—|L+stn)]. (5.29)
Now, the boundary conditioriss25and5.26becomes
,0)=0
8(x,0) (5.30)
8(x,9) =0.

Since the equatioB.27, we deduce that the plastic deformation boundary surfasig$ace of velocity disconti-
nuity) at the roll bite entry and exit are vertical. By wrigirthe equality of the stream flow at these surfaces to the
uniforms and homogenous flow before and after the roll bitdanee

Z
9Ly 2x(-Ly.2) = Cot
vz o (5.31)
- ¢(0/y/ Z)X(O/]//Z) = Cyor e
Pshs
The equations imply quite directly that
—Ly)=0
g(=Ly) (5.32)
8(0,y) =0.
Finally, by substitutind.27and5.29into 5.11we obtain a solution for 3D velocity field as follows
171 o
ux(x,y) = Cvolﬁ [5 +£]
1|ye og
uy(x,y) = Cvolﬁ l? T (5.33)
zh' 1 dg
uz(x,z) = Cvolﬁ {5 + @}
with kinematically admissible conditions given by
8§(x,0)=0
,¢)=0
g(x9) (5.34)
§(=Ly)=0
8(0,y) =0

5.3.3.c Discussions

Boundary effect at the edge and functiorg

When the functiorg (x,y) = 0, the component, depends only ow and the component, is linear iny and so
in y. To verify the velocity field, we show in Figuie4the dependence af, andu, in y calculated by-am3-Tec3or
a case of rigid roll. For different abscissas, in the cemeat (fromy = 0 to y = 495mm) the longitudinal velocity is
constant and the lateral velocity is linear iny. That meansg(x, y) is mostly equal to zero in this part and increases
exponentially at the edge of the strip. It represents tloeeghe bound effect.
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Figure 5.4: Longitudinal and lateral velocities distrilout across the width direction. Reswam3-TecXor 2R =
298.3mm, 2h, = 1.31mm, 2w, = 70mm, 2hs = 0.872mm, Coulomb frictiony = 0.0744.

Two natures of the width spread

Then, the width spread is composed of two contributions. fliiséis associated to the central part where the
velocity uy, is linear iny and the second is associated to the bound effect repredgnted functiorg(x, y). The size
of the bound effect area is strongly related to the strigiskifess.

In the following, before presenting théBM for the lateral spread, we perform a 2D study on the rolliadpiity
which allows to understand the rolling conditions in industnd to validate th&/BM for a 2D velocity field compared
to a classic method for rolling, the slab method.

5.3.3.d Final choice of velocity field

In this thesis, we propose to study at first the phenomenaesgonding to the spread of the central part without
bound effect.e g(x,y) = 0. The 3D velocity field written bys.33becomes the "3D simple velocity" given By3. If
necessary, deeper understanding of the fungtishould be studied to go further.

5.3.4 Computation of power function

In order to reduce the computing time, the power functioeswaostly calculated analytically. The integrations are
as much as possible done analytically before using the rnoatenethod. These calculations are long and are, thus
presented in the append2. The power consumed by the discontinuity of velodity, and the power of external
forces [, are completely analytical. However, the two other powenssomed by plastic deformatiofp and by
friction J ;. are developed analytically in andz and have form of an unidimensional integral in functionvof\e
note that these calculations are independent of the widittion formi.e the parametrization of this function.

Power of plastic deformation

0o

0
Je = %sz /_L Py(x)dx (5.35)
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where

2 24102 /O + f2 1 o2 24 152 /O + 2 + o2
Px(x)=§\/Q2+f2+g2+Q g3f Ln(g+ Qﬁzi€2+g>+Q f3g Ln(f+ %;:;;rg)

i [\ e e (o)
= t _ arct
"33 {arcan(( Q+ 7 +f) (\/Q2+f2+g2+\/Q2+f2)> TN Ve

with the three functions reducing the expression of the pgwgiven by

. h/2 q)/z h/¢,
Q = \/2,1—2 +2% + 258
f

_ 1|, e 9%l
= |? 2 ¢ e
_ Ay e o2
8 -2 h @ 2 h
Power of the discontinuity of velocity
[02 + 1’2 ; ' [02 + W2 ' ! [o2 1L 12
]A _ﬂc l % +he i hez n Pe + P +he I goez Ln he + % +he (5 36)
u - vo ! ! !’ ! .
V3 3 6[g| |1 | 6 || | e |
where the 2 notation's, and<p; are defined as
=D
¢ = ¢ (—L)
Power of friction
7 ! 2472
 mogCy [0 bVIFHZ | o P |+ +1
with
I= ’\/1 2 Ve
vol
Power of entry and exit tensions
b
]ten — <—T€ + T55> CUOZ . (5.38)
Total rolling power
J=Je+ Jau+Jfric — Jten - (5.39)
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Figure 5.5: General numerical resolution algorithm for &fid-plasticUBM .

5.3.5 Numerical resolution
5.3.5.a Algorithm

The algorithm of the resolution is shown in Fig@r&that can be divided into 5 steps as following:

1. First, the programme reads the data file that contentseafi¢cessary parameters concerning the rolling process.
2. Then, if the option of roll's deformation is active, it calates the deformed radius by tHéchcock’s model.

3. Next, by using an empirical modeBeese’s mode]14] (see Tableb.1) that gives an approximate width spread
of the strip, we initialize our width function for the firsertation.Beese’s modeis simple, direct and therefore
very fast. Nevertheless, in some cases such as crowneddlinyg it is really not accurate and then the program
needs more iterations to converge (see chajter

4. For each iteration, the width function is given at the efithe previous iteration or by the initiation mentioned
above for the first iteration. And here, the most importantkaaf the UBM begins. For example, iiteration
n, we calculate the rolling power composed of the powers amesliby plastic deformation, discontinuity of
velocity, friction and external forces, depending on thdtifunctionw, (x) (given by the previous interation)
and equally on function of the velocity field that is represerby the functiorp,, (x). Then, in minimizing this
rolling power we obtain a solution for velocity function eolp!"" (x).

However, noting that space of functions is of infinite dinens, we need to parameterize the velocity function
¢n(x) by a limited number of parameters. In the secto8.5.bwe present two parameterizations, a classical
and a new. In many cases, we need only two parameters to veeltide the function but three parameters are
necessary for more complicated cases like crowned shdiegr(dee chaptes).

In this space of finite dimensions, the minimization is @rout by the Newton-Raphson method that is pre-
sented in sectioB.3.5.c

5. At the end of each iteration, we test if the difference leetwthe solution of velocity functiog!?’" (x) and the
functionw, (x) is smaller than a given precisierrelated to the precision of the width spread. Until this test
true, we continue next iteratian+1, by taking the width function for this iteration like, 1 (x) = ¢ (x).
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Remark regarding unknown geometry of the strip (see5.2.9: It is worth to note from the algorithm showed
in Figure 5.5 that for some iteratiom, the strip geometry is givemw,(x), we search for the optimum velocity field
presented by it virtual boundarzyﬁ"”(x) by minimizing the rolling power. Next, we consider that thegtemial flows
following this solution velocity field and has a new geomethjch isw,,1(x) = ¢!""(x). In this new geometry,
the strip has tendency to flow with an other optimum velapﬁjﬁ(x) and will have a new geometry. That continues
until that the geometries of two successive iterations @eafical within a chosen precision. Numerically, the idgnt

of two functions is expressed Wﬂ"l(x) — wn(x)|| < e. The strip geometry no longer changes and gives a stable
configuration. This is the solution of the stabilized stdtthe rolling.

Rolling bite/ w(x)

I Contact areas
:] No contact areas

Figure 5.6: Optimal velocity field associated to a virtualbd ¢(x) for a given geometry represented by a width
functionw(x) at an iteration of the resolution.

5.3.5.b Choice of width profile function

First of all, the numerical resolution mentioned above mexfia same parameterizing of both real and virtual width
functions? because at a stabilized solution these two functions wilitmaerically identical. These functions are both
equal tow, at the roll bite entry and at the exit their derivative is dgwazero. In addition, in order to keep the
advantage of th&JBM in term of computing time, the number of parameters is esdnimited. There are presented
here following two forms of the width function using two paraters. In these two cases, the first parameisrthe
width spread and the secofids a parameter related to the tangency of the width at thg entoll gap.

Form 1 : Polynomial in x

The classical form is a polynomial mm With 2 conditions at the entry and exit, the width functiamde expressed
by a polynomial of degree 3 as a functiomoénd 2 parametersandp:

w:we—l—vH—ﬁxz—l- (14—@) x2. (5.40)

I3 L
Remark :

This form is useful and practical. Yet, it does not repregketdirect relation between the reduction in thickness
and the width spread of the strip in rolling. The greater #muction, the greater the width variation. Consequently,
we propose another form which expresses the funetion) as a function of:(x) instead ofx in theform 1

Form 2 : Polynomial in h(x)

w—we—k%{a—i—ﬁ(l—hﬁs)] (5.41)

2virtual width function is called also the velocity functitrecause our velocity field will be expressed in this function
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And finally, the velocity functionp(x) is parameterized in the same way of the width function but wie param-
eters noted; andp;.

p(x,a1,p1) =w(x, a0 = a1, p = P1). (5.42)

With these parameterizations, for a given strip geometrgr(d are given) the power functiohis a function of
three parameters. The first ond/sin the expression of,,; (Cyo; = hew. V). Two others are; andp; in the velocity
functiong(x). The minimization of the power function is performed by thewion-Raphson method presented in the
following section.

5.3.5.c Newton-Raphson method for minimization

Let present here Newton-Raphson method for the minimizgtfoblem of az-variable real functio® : R" — R
so that(xy, x2, .., x4) — P(x1,x3,.., x,). The minimization problem is represented by :

apP
— =0
ax1
»_
oxy (5.43)
JaP
=0.
ox,

The method consists in solving iteratively. In a given itenawhere the equatiob.43is not yet satisfied, the step of
change of the variables between two successive iteratidetésmined as follows

Pll P12 Pln dxl P]
P21 P22 P2n dXQ _ P2 (5.44)
Pﬂl Pn2 “ee Pnn dx” Pn
whereP; = g—i etp; = %ng. In our program the derivatives are calculated numeriaging:
P — P(x; + 6x;) — P(x; — dx;)
o 253(1‘
P(x;+ éx;) + P(x; — 6x;) — 2P(x;
py = DLt x) £ Pl %) ~2P(x) 5.45)
1
_ P(xi+0x;,xj 4 0x;) + P(x; — dxj, xj — xj) — P(x; — 6x;, x; + 6x;) — P(x; + 0x;, xj — ;)
v 453(1‘53(]‘

with dx; is chosen numerical parameters which are small enough. Henddanvergence criterion is choose as follows:
P(x1,%2,..., %) < P(x1,%2,.x; +€;,..,%,) Vi=1.n (5.46)

with €; is the predefined precision related to the paramster

5.3.5.d Computing time

The program is performed in C++ as the main part of a combinediet The computing time of the whole model
varies from 0.01s to 0.05s (CPU: Intel Core 15-4200M, 2508tHat enables online applications (see more details in
the sectior8.1).
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5.3.6 Comparison with ArcelorMittal trials on the pilot rol ling mill

This section presents a comparison between the resultmebttaith theUBM using 3D simple velocity field and
the experiments performed on ArcelorMittal pilot rollinglimvith narrow strips (abou65 — 70mm of width). These
experiments were carried out on two types of steel, sB#\H oy = 280Mpa and hard soldur oy = 933Mpa. The
rolling parameters of the trials corresponding to thesesyqf steel are presented in Tab{&4 andC.2 of Appendix
C. TheLam3-TecZalculations for these experiments are also presentectindime appendix. In this modeling, the
friction is modeled by Coulomb’s law. This friction is, flsérmore anisotropic with an anisotropy defined by the ratio
between the transversal friction on the longitudinal foot And we observe that this anisotropy has a significant
impact on the exit profile of the strip. Therefore, in compgrthe exit profile of the strip calculated lyam3-Tec3
with the measure, we obtain the good value of friction anggnt coefficient. On the other hand, WBM model the
friction is modeled as an isotropic Tresca’s law. The fdnttoefficient value is obtained by seeking the good forward
slip defined by the difference in % of strip exit velocity arktroll velocity which are both measured during the
experiments.

The models results are equally given in Tab®4 andC.2 And Figure5.7 shows two histograms comparing
the width variations obtained in the experiments, WitBM model and withLam3-Tec3nodel for the two types of
steelDWI andSoldur. It can be seen that tHéBM gives very coherent results in comparison with the measeném
as well as withLam3-Tec3 especially foDWI steel trials. These results are also presented in Fig8nehich shows
that for soft steelDWI), the model matches really well the measurements. It matdtevever slightly less for hard
steel Goldur). For this steel, th&JBM model underestimates the width spread for most of the calsis. may be
explained by the fact that for very hard steel, the edge dhmpmenon due to the local deformation of the work-roll
at the edge of the strip is more important leading to a greitdth spread. Whilst this phenomenon is not taken into
account by th&JBM model.

We conclude then, theBM predicts well the width spread of the pilot experiments wiglirow strips. Improving
the work-roll deformation model could help to improve thedabaccuracy especially for hard and very hard material.
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Figure 5.7: Comparison of width spread obtainedUBM andLam3-Tec3with experiments results f@WI (left) and
Soldur (right) steels.

5.3.7 Parametric study for usingUBM model

In this section, the effect of rolling parameters on the Wwidpread is studied in a theoretical rolling condition
defined in Table5.3. The parameters will be changed one by one to study theictefie the width spread and the
rolling power.
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Figure 5.8:UBM width spread measurements foWI| andSoldure steels.

Parameters Notation Value  Unit
Half entry thickness he 2.5 mm

Half entry widht We 25 mm

Reduction in thickness r 30 %

Yield stress of the strip o) 600 Mpa

Roll's radius R 250 mm

Roll's velocity Ve 1000  mm/s
Entry and exit tensions T, T 150 Mpa

Tresca’s friction coefficient m 0.4

Table 5.3: The rolling parameters of the referent pointfierparametric study.

5.3.7.a Influence of rolling parameters on width spread

The dependence of the width spread on the rolling paramistdesnonstrated in Figu9. It is observed that the
width spread

« increases as a function of: the reductigthe roll radiusR, the friction coefficientz and the entry thickneds

* is independent of the roll velocity,

 decreases with an increase in: the entry widthas well as the entry and exit tensidhis Ts.

In the first order, the width spread increases rapidly with tthickness reduction and falls down exponentially
with an increase in the strip entry width. This is a very commesult observed by many works in the literature (see
previous sectionS.1and5.2). In the second order, it grows almost linearly as a functibthe roll radius because of
the increase of the contact length and linearly decreadbsh entry and exit tensions. The dependence of the width
spread on the entry tension is slightly more important thneneixit tension. This could due to the fact that the entry
section is larger than the exit one. Finally, in the thirdesrdhe entry thickness and the friction coefficient make the
width spread increase but more slightly. In some other ¢akedriction coefficient may have negative influence on
the width spread.

In addition, two extremity phenomena can be observed al§agiare5.9. First, for an extremely narrow stripe
w, < 8mm, the width spread increases with the entry widthwhich is in contrary to the general case. Indeed, the
smaller thew,, the less material to spread out therefore the smaller ththwpread. Secondly, for a very thin strip
h. is very small, we observe an inverse impact of the entry tiésk on the width spread. Anyway, these phenomena
are two really special cases that are hardly met in flat mllin
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5.3.7.b Influence of rolling parameters on rolling power

Rolling power and rolling torque

As a reminder, the minimum of threlling powerfunction gives an upper bound estimation of the real oneigeal/
by the motor on the work-roll. The associated roll torque barevaluated from the power by equatib®7. Figure
5.10points out that the rolling powgrincreases strongly with the reductisand depends almost linearly in the other
parameters. It increases also as a function of the roll satljuhe friction coefficientn, the strip entry thickneds,,
the strip entry widthw,, the entry tensiofT, except only the exit tensiofi;. As the exit tension makes the strip move
in rolling direction, the necessary rolling power is smali¢hen this tension increases. Or it can be seen from the
equations.38that the dependence of the rolling powerfinandT; is related to the term of power of external forces
Jten. At stable statew = ¢, we haveJ, = (Ts — Te)Cypor. That is why the rolling powef increases wittl, and
decreases witl; with almost the same sensitivity.

Comparison between two parameterizations of the width funtion

Moreover, it should be interesting to compare the efficierfdhe two forms of the width function presented in the
paragraptb.3.5.bin order to choose the best one. As a reminder, the best fdim @ne which gives the lowest rolling
power.

Let firstly choose théorm 1, polynomial inx as the reference and study the difference in terms of ropimger
of theform 2, polynomial inz(x) in comparison with the first one. FiguBellshows that this difference is negative
for r <= 45%. That means if the reduction<= 45%, the polynomial ir:(x) form is better. But inversely thierm
1is better for very high reduction. In addition, Figui®9 and5.10show that the width spread as well as the rolling
power are almost identical. Therefore, for us the two forfnsidth function can be considered equivalent. Taiem
1is slightly advantageous in terms of computing time.

Volume specific rolling energy

Let now introduce a quantity callespecific rolling energyhat represents the energy provided by the motor to roll
an unity volume of material. It is defined as
J

Cvol .

This parameter may help to study how it is possible to savimganergy by well choosing values of the rolling param-
eters. It can be seen in Figusel 2that this quantity increases as a function of the thicknedsgation. Moreover, unlike

the rolling power which linearly grows up as a function of #&ry width, the specific rolling energy is practically
constant except for very narrow stripr. < 20mm. Indeed, the higher the strip width, the higher the slidiefpeity

in y direction and thus the higher the friction power which ciinites to an increase of the specific rolling energy as
a function of the strip width. However, the width spread i zero very rapidly when the strip width increases,
the lateral velocity field is asymptotic to zero. That expawhy the specific rolling energy becomes a constant as a
function of the width for large strip.

Eyo1 = (5.47)

Beside, it can be noted that the deformation dissipatiomggnger volume unit increases with the reductiobut
is almost independent on the strip thickngs# r is constant. And the tensions power per volume unit (dedfroea
the equatiorb.39 is strictly independent of,. On the other hand, the friction power is proportional to thatact
lengthL which is proportional to,/Rh.r while the volume flow rate&,,,; is proportional tdz,.. Therefore, the friction
energy per volume unit is proportional 1’ \/.. Thus, the friction energy per volume unit decreases as @itum
of entry thickness. That is why the specific energy decreates entry thickness increases as it can be seen in the
graphicE,,; — r of Figure5.12

Whenh,, w, andr are constant, the specific rolling energy depends simikasiyhe rolling power on the other
rolling parameters. Actually, Figure 12shows thatt,,; decreases wherf; or i, increase and when m, R, T, or
oy decrease.

However, in a rolling process, the strip initial geomethg desired reduction and the product characteristics are
the given constraints, meaning,, k., r andoy are fixed. The only three parameters which allow to optimize t
specific rolling energy arer, R andT; — T,. But an increase iff; — T, will require equally a certain energy. Thus,

A

ArcelorMittal  Quang-Tien Ngo - 2015 116
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increasel; — T, to decreasé,,; is a solution that just allows to transfer the energy consiibyethe rolling motor to
other machines but does not save the total consumed enérgydssible to save energy by using small rolls and by
lubricating the contact surface to reduce to friction caeffit between the roll and the strip.

Nevertheless, it is complicated in developing more in thigject because there are a lot of constraints concerning
the roll and the lubrication system. For example, the rolstmot be too small to assure a certain rigidity in flexion.
The friction coefficient needs to be enough to keep the mHitability. The choice of roll radius and the lubricant is an
optimization problem which is not studied further in thigsfs.

5.4 Conclusions and perspectives

In this chapter, we study a velocity field family which expigithe width variation of a rigid-plastic strip. This
width variation can be composed of two parts: the homogetaiesl flow in the central part of the strip as well as
the apparition of the boundary effect near to the strip edtés complex effect is modeled by a functignHowever,
in a first order approach, let neglect this phenomenon ansidentherefore thag = 0. As a result, the velocity field
becomes the "3D simple one" as given B[ It is demonstrated also in this chapter that the 3D simpleaity is,
for a specific choice of width function (see the last paraiy@sections.2.4.9 equivalent to the one proposed B8]
based on a combination of some fundamental velocity fields.

It is worth to highlight, in particular that usindBM the free surfacg = w(x) is an additional unknown of the
problem (see sectidh.2.2. A solution for this difficulty is employed. The idea is to tixe strip geometry and search
for the optimum velocity, update the strip geometry so thatriew width is tangential to that optimum velocity field
and repeat these operations until the geometry and the optivelocity are unchanged and coincided. HoweVed, [
only uses one iteration anél§] does not precise how he deals with this issue.

With the chosen velocity field (3D simple one), td8M gives a good coherence in terms of the width spread in
comparison with experiments performed on ArcelotMittdbpmill. In addition, theUBM analysis allows studying
effect of rolling parameters on the strip width spread. Tésults show that width spread increases strongly with
an increase in the reduction and falls down exponentialty &h increase in the strip entry width. It grows almost
linearly as the roll radius increases and decreases with@pase in the entry or exit tensions. The entry thickness
and the friction coefficient have less important impact anwlidth spread. These are very common results observed
by previous works in the literature (see previous sectfignd5.2).

The results obtained in this chapter raise up a furtth# analysis for a crowned strip rolling. The lateral boundary
function (p(x) andw(x)) is parameterized differently but the method principlessentially unchanged. This study is
presented in the chapt@as an attempt to study the relation between strip spreadapdsckness profile or flatness.
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Figure 5.9: Influence of rolling parameters on width spread.
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Chapter 6

UBM for crowned strip rolling
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Introduction

The previous chapteb) shows the typical models in the literature, from statédtto FEM andUBM ones predict-
ing the width spread for flat strip rolling. These models édasa rectangular form of the strip. On the other hand,
for certain long and shape rolling processes, an importamtrer of 3D models were developed to predict the shape
variation including the width spread. Some are baseHBN [78, 79, 55|, others onUBM [96, 1].

For flat automotive product rolling, some efforts were mat¢hie subject of the strip shape (thickness profile).
Such studies aim at analyzing the flatness and roll forceildigion across the width direction. The width spread is
also analyzed and the results show out that the downstregpe shfluences closely the lateral spread. This mechanism
has been modelled by various authors using a mixture of tiaaland numerical method&(9 73, 3, 30, 29]. These
analyses also point out that for thin strip rolling there igeay small lateral spread, with the exception near the edge
where the lateral stress is small allowing the material teag, rather than being compressive (in the lateral doegti
as is the case for plane strain rolling conditions. This é&swiidth spread caused by "edge drop phenomenon".

In this chapter, a newBM approach is developed for cold rolling of strip with an iaitthickness crown that
might be created by the earlier rolling process (hot roliimgrevious stand). The model allows to understand how
the strip spread depends on the change of the strip thickmeke in rolling. First, an analysis is proposed to study
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6. UBM for crowned strip rolling 6.1 Velocity field proposition

kinematically admissible velocity fields by supposing sasmaplifying hypothesis. As the geometry of the strip is
more complex than the case of flat strip rolling, the roll lstdivided into three areas and the velocity field is différen
throughout each of them. Then, the rolling power are catedlaorrespondingly to the three zones. All the powers
calculations are more complicated and need being appréoednmaumerically. The Gauss’s method is used and the
computing time is well improved. On the other hand, the nucaéresolution is the same as in the previous chapter.
The only change is that there are more parameters in theggbwer function to minimize because the real and virtual
width functions are parameterized using three parametstsad of two in the case of flat rectangular strip. The same
method, Newton-Raphson is used for optimization problem.

6.1 Velocity field proposition

6.1.1 Assumptions

Firstly, the general assumptions presented in the previbapter (see subsecti@n3.2 are also assumed. In
addition, some specific assumptions (den@&a)iwhich are associated only to a crowned strip rolling willheeessary
to simplify the velocity field construction.

6.1.1.a SAIL:

The firstSA mentions that in the upstream, the strip has a positive croaithe strip thickness is maximum at the
center and decreases along the width direction. In othedsyahe strip entry thickneds(y) is a mono-decreasing
function. In industry, this type of crown is observed almaisthe time. Hence, the center of the strip is in the contact
with the roll before the edges. The roll-bite is divided it parts: partial and total rolled parts. It is possibleigh
to distinguish three areas associated with theses two gsigbown in Figur€.1 In each area, the velocity field is
different and will be studied one by one in the next sectiordnysidering the kinematically admissible conditions.

Roll-bite Roll-bite

Area IIT

I Contact areas I Contact areas
I:l No contact areas I:l No contact areas

Figure 6.1: Comparison of the roll-bite geometry betweeig(feft) and a crowned (right) strip rolling.

This assumption allows determining the functiptx) representing the interface between the ateasdl!l . To
begin with, let imagine that the strip has no lateral sprecithé way that lateral velocity is equal to zero everywhere
in the strip. To simplify the reading of the thesis, this @wesad configuration is conventionally calledaginary
configuration. The interface between the ardaandll is presented by a functiapy(x) that satisfies the following
equation:

he(o(x)) = h(x) & po(x) = h, " (h(x)) (6.1)

whereli(x) is the thickness imposed by the work-roll profile. As a rereinbl(x) = R + hs — v/ R? — x2 for a circular
work-roll. To determine the functiop(x), let return to theeal configuration in which the strip spreads and the lateral
velocity may be different from zero anywhere. To simplifyther, an additional hypothesis is assumed as follows.
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6. UBM for crowned strip rolling 6.1 Velocity field proposition

6.1.1.b SA2:

The displacement of material elements in the dtean comparison with the imaginary configuration is just a
translation in horizontal plane. In other words, this ageadt affected by the roll but only by the lateral spread of the
areal. Thus,

ull =,
u,' is independent on y (6.2)
ull =o.

In consequence, the fact thqjl = constaniallows to determine the functiap(x) in the real configuration as:

P(x) = o(x) + @(x) — we (6.3)
and the fact that! = 0 implies that

h(x,y) = he(y — ¢(x) + we) (6.4)
everywhere in the ardé.
6.1.2 Kinematically admissible conditions and velocity fikel in area Il
6.1.2.a Boundary conditions
On contact surfacez = h(x): the velocity must be tangential to the surface. Then:

w1 (x,y,2 = h(x)) = ul (x, y)h (x). (6.5)

From equation$.22and6.5we have:

b (2 = () = b )z (6.6)

On the virtual lateral surface y = ¢(x): the velocity is tangential to the virtual lateral surfacpresented by the
function ¢(x) that may be different from real lateral surfawéx) in a current iteration of numerical resolution. That
means

" (x, 9(x)) = ¢ (x)u (x, 9 (x)) . (6.7)
In this state, the velocity in the ardais completely known
u,lf =V,
ull = Voo’ (6.8)
ull =o.

On plan of symmetryy = 0: the condition of symmetry of lateral velocity is written as

uy(x,y=0)=0. (6.9)

6.1.2.b Volume flow rate conservation

The volume flow rate is calculated easily in the upstreamlipart

We
Coot = ViSe = Vs /0 e (yo)dyo - (6.10)
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6. UBM for crowned strip rolling 6.1 Velocity field proposition

InarealandIl: In this part, the volume flow rate is composed of two termsesponding to the two areasindl|
I v
cl = /O uldy (6.11)
and
1 ¢
cl = Ve/w h(x, y)dy (6.12)

In using equation§.27, 6.4and in changing of variablgy = v — ¢ + w., we obtain
We
Chor = Ve /lp he(yo)dyo (6.13)
0
Thus, the flow rate conservation can be expressed by :

Cvol = CzI)ol + C”

vol

¥ o (6.14)
=Cho = h /0 ydy = Ve /0 he(yo)dyo -
Inarealll:  the flow rate conservation condition is given by
? e
Coot = " ulltay = Ve [ he(yo)dyo (6.15)

6.1.2.c Conditions of incompressibility

In continuous velocity field areas

As can be seen previously, the material is considered inoessjblej.e the velocity must satisfy the equatiér21
everywhere. In the ardé, the velocity given by the equatidh8is automatically verified this condition. Let consider
this equation for arehandlll :

oulAT oLl g LI

LIII x y z

4 = = . . 1
Vu Y + 3y + % 0 (6.16)

On the surfaces of velocity discontinuity

The same as the case of flat strip rolling, on the exit surthege is no discontinuity of velocity. On the other hand,
a crowned strip rolling geometry is more complicated and imaye plural surfaces of velocity discontinuity instead
of one. At the entry between upstream part and #rgtoere is no discontinuity. This will be a condition condem
the width functionw(x). The first surface of discontinuity of velocity is the intacé between the arehandlIl, and
the second is between the aréaandlll . In general, the condition of pertinence of a velocity fielda surface of
discontinuity is that the normal velocity through this swé is to be continuous. Study now this condition for these
two surfaces of velocity discontinuity.

Surface of velocity discontinuity between the areas | and It

(EH _ EI) =1 =

11 i r[o i 6.17)
& ull (x) =y (x,p(x) = ¢ [l (x) — ul (x, ()] -
Surface of velocity discontinuity between the areas | and It
uin(—L,y) = u,lc(—L,y) for Yy € [0, ¢] . (6.18)
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6. UBM for crowned strip rolling 6.1 Velocity field proposition

6.1.3 Velocity field in area |

In the previous section, a kinetically admissible veloigyd in the aredl was proposed as given in equati®g.
In this section, we search for a kinetically admissible e#iofield in area . The equatiort.14can be rewritten as :

v V., [%o
d :—/ o (o) dyo -
/0 wdy =5 | (yo)dyo

By using a simple change of integration varlaf%e: y we have :

/lpu dy—E he(lpo )lpodl/

h L2
1/; %o )
@/( ——h— Y0 gy = o0.
e( v y) p )W
We propose thus
I Yo Yo
uy = h he(C ) - (6.19)
The component! is easily determined by the equatiéré. In addition, the equatiof.16becomes :
Ouy __ouj _ dul
dy  ox oz
aul ! /
v _ 7 Yo <¢0) o %o (¢0>
or— =—— |h,(= = =y +he(— =
3y p e(lpy) v ) oY e(lpy) m
Furthermore, in using the condition of symmetry with regpecthe plany = 0, equatiort.9, we obtain :
V !
uy = — (L) (%) y. (6.20)

Hence, the velocity field in this area is completely detemdinvhile the condition on the surface of discontinuity
between areh andll has not been used yet. We will demonstrate that this comd#isatisfied by the velocity field
proposed. In substituting the equatidh$9and6.20into the equatiot®.17, we have :

SQ +e=1.
Indeed, this equation is implied by the equat®@7. The velocity field in area is finally kinematically admissible
and given by:

I :Eh Yo\ %o
Uy h 3( l/) y) l/)
v, '
= =S (By) (1) (6.:21)
MI = UI%Z

6.1.4 Velocity field in area Ill

A velocity field similar to the one of the ardéan which ¢ is replaced byy andyg by w,, is a possible solution for
the aredll . However, in this way, at the roll bite exit, the longitudimealocity depends always ipwhile it is observed

A

ArcelorMittal  Quang-Tien Ngo - 2015 127



6. UBM for crowned strip rolling 6.1 Velocity field proposition

not. Lam3-Tec3jives a solution that is homogenous in lateral directiohatexit, see Figuré.2 For this reason in
our model, the velocity is homogenized by a function ndféd) depending only orx. This function is equal ta at
the begin and at the end of the ardl . This function is freely modeled and in this study, it is chosis

X 2
{= (W) (6.22)
whereL!!! is the contact length of the totally laminated part (diey We propose finally:

V.
I _ —Ehe(we

We

(PG(X)Jré‘(x)'

The function (x) is added to ensure the volume flow rate conservation. Thissidentified by the equatio.15as

Ve Se
5275(1—@

whereS, = fow"“ h.(y)dy denotes the entry across section of the strip.

Longitudinal velocity in the roll bite

420

400

380

Ux(mm/s)
(5] o
B D
(=] (=]
1 1

320

300

Figure 6.2: lllustration with.am3-Tec3esult for E16 rolling conditions - Tablg.2 - with a 0.06mm-crown over strip
half thickness. The longitudinal velocity is non-homogesalong the roll-bite but is homogenous at the roll bite.exit

Moreover, the condition on the contact surface (equai@ngives directlyu!'’. And /" is determined by the
condition of incompressibility (equatich16. Finally, a solution of velocity filed in the aréd can be:

V.
ultl = 2 [ehe (et +5: 1= )
Ve ey
gl = ufcn%]ﬁ- ﬁ []/Se - (P/O ’ he(yo)dyo} (6.23)
ulll = ui”%z.
with {(x) is given by equatio.22
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6. UBM for crowned strip rolling 6.2 Calculation of the powers

6.2 Calculation of the powers

6.2.1 Power of plastic deformation
6.2.1.a Areaslandlll

In these areas, the velocity fields are similar. It is thusjiids to generalize the calculation by studying a velocity
field as follows
ux(x,y)
uy(x,y) (6.24)
uz(x,y,2) = dsz(x,y)z
in a given domair(). This is a general form for the two velocity fields presenteslusly corresponding to the two
areas. For the arda the domain i); = [x = (—L,—L"),y = (0,b!(x)] andQj;; = [x = (-L1,0),y =
(0, w(x)] for the aredll .

The plastic deformation power is computed by

2
]é:/Uo ggg

/Q (70\/ 5 A2, + d3, + d2, + 242, + 242, + 2d§z) o)

h /2 Z\2
- 2 2 (=
/dexdy/o \@am/g +82(3) 4z
ﬂ/ dxd /12,/ 21 222 izt
\/6 Mop Y 0 Q 8

with Q,p is the projection of) on thexy plan. Then, by using the formul 1, we obtain

Je= % op h [\/@+ %2 In M—W dxdy . (6.25)
where
= \/d%x+d§y+dgz+2d§y: \/a +%+dé+% (aau;x +a%)2
gloy) = %m
6.2.1.b Areall

In this area, the velocity field is much more simple. The omlsnponent that is different from zerois :

1 "
dyy, = dyy = SVeg (6.26)

Therefore, the plastic deformation power is easily caleda

I (Tove/
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6. UBM for crowned strip rolling 6.2 Calculation of the powers

wherew! (x) is the width of the are& This function can be determined by the following equation
w!(x) = Po(x) + w(x) — w, (6.27)

which is in the same analogy as the equaid. By changing the variablgy = v — w!(x) + ¢o(x) = y — w(x) +
w,., We obtain finally

i

I _ 0o / " /we
i =—F=Ve d he(yo)d 6.28
N A A (Yo)dyo (6.28)

6.2.2 Power of discontinuity of velocity
6.2.2.a Between the areas | and Il

The discontinuity of velocity is previously proved tangahto the surface. It is given by :

Aul=11 e (x, ) — ur(x,9)
T POTST) B PR e
Aul-1 0—ul(x, l/))h/%
Then,
_ 0o I-1I
I = = 1AV s
‘ V3 s

70 B/h\/ 1-112 1112 | 12,022
= — A A h2= l
\/§/A ; A Dy U2 dzd

— % /B /1 h\/Qlsz + gl-112292 gz 4]
aJo

Using again the formulB.1, we have

i I—112 I*H_*_ / 171124_ 1-112
Jl-in 70 I [, /QI*HZ +g1*”2 + Q In 8 Q g V1+92dx| (6.29)

Au _% L gI—H QI—II

where

Q- l(x) = \/Aufj”z + AufHZ(X,IIJ(x))
g =l H2(xp()).

6.2.2.b Between the areas | and Ill

The discontinuity of velocity between aréandlll is more simple because it has an unique component different

from zero which is given byu, 1T = (uﬁ” — ué) (x = —L'"1,y). The power consumed by this discontinuity of
velocity is:
B 0_0 w(fLI”) B
o ol A R 630)
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6. UBM for crowned strip rolling 6.3 Numerical resolution

6.2.3 Power of friction

As explained before, the velocity fields in aréandlIll are similar and we can use the foi24to present both
of them. We will find a formula which is applicable to calcdhe friction power on the contact surface with the roll
of these two areas. The area studied is nStggh.c: = [X1, X2] x [0, Ya(x)]. For the ared, X; = —L, X, = — LI,

Y, (x) = w!(x) and for the aredll , X; = —L!I, X, = 0, Yo (x) = w(x).

The difference of velocity between the roll and the strip loese contact surfaces is:

AV = \/(ux\/1+h’2 _ Vc)z+u§.

Thus,
Jpie =" [, llAv] ds .
—@/dex/yzm\/(ux\/m—Vc)eruz\/mdy (6.31)
V3 Ixy 0 y
6.2.4 Power of entry and exit tensions
The power of the entry and exit tensions is given by :
Joon = — /5 Tl (~Ly,2)ds + /5 Tal!'(0,3,2)ds.
In using the expressions of velocity fields studied beforeplstain :
Jten = VeSe [—TE + ng(x = 0)] . (6.32)

6.3 Numerical resolution

Numerical integral:  The integrations in expressions of all these powers ar@pedd using the Gauss’s method
(see AppendiA.2). This attractive method of integration helps to reduceaisicatively the computing time of the
program.

Algorithm of resolution:  As a reminder, th&BM principle for the crowned strip rolling is the same as for the
flat strip rolling presented in the previous chapter. Thamfthe numerical resolution is also the same, shown inr€igu
55

6.3.1 Width function parameterizing

In the previous chapter, there were presented two paraiiageforms for width functiorw(x) (and virtual width
function ¢(x)). The first is a 3rd-order polynomial of and the second one is a polynomial/gfx). We, then,
demonstrated that the second form relating directly thehwiidnction to the reduction in thickness via the function
h(x) is better than the first form for a reductien< 45% in giving smaller rolling power, see sectiér3.7.b

By consequence, in this case of crowned strip rolling, letigtonly the second form. However, in this case, the
width function must have a null derivative at the first poifitontact atx = —L because the width of the laminated
area (are#) tends to zero at this point. This condition is representettié following form of the width function by a
new parametet:

centre
h—hS

hs _ hgentre

w(x) = we + < >k [+ B(h —hs)]. (6.33)

fork > 1.
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6.3.2 Minimization

The minimization of the power function to find the optimal ity field for each iteration is also performed by
Newton-Raphson method presented in the subsebti®i.c Nevertheless, there are 4 parameters instead of 3 with
the new parametdrin addition. The calculation time increases certainly bettnethod is unchanged.

Remark: The optimization program for 4 parameters has not been peilivhile it is possible to fix the pa-
rameterk, k = 2 for example, and minimize the rolling power in 3 parametsrsising the 3-parameter optimization
program already done in previous chapter. Therefore, byimgthe value ofk and by observing the variation of the
corresponding minimum rolling power we can choose the balsievofk that gives the minimum rolling power.

6.4 Comparison betweerBM and Lam3-Tec3

This section presents the width spread calculated byJtis! model for a crowned strip rolling, in comparison
with Lam3-Tec3 The strip is narrow enough so that all elastic deformatemesnegligible. The rolling parameters
correspond to the trid 16 of the experiments with hard steel presented in T&bk Nevertheless, the entry thickness
is modified so that the average entry thickness is the saméhargtrip crown is a polynomial of degree 2 or 4, two
typical forms of strip crown.

0.20 3360

—-LAM3
0.15 3340
-o-UBM k=2
0.10 UBM k=1.75 3320
- 0.05 . 3300
E 0.00 ‘;: 3280
g -0.05 §_ 3260
2—0.10 E’ 3240
F s
-0.15 3220
0.20 3200 / -~ UBM k=2
025 5180 ’ o UBM k=1.75
-0.30 T T T T T 3160
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06
strip's crown (mm) strip's crown (mm)
Figure 6.3: Crown of degree 2. Comparison of width Figure 6.4: Crown of degree 2. Comparison of rolling
spread betweedBM andLam3-Tec3 power calculated biyBM with different values ok.

Figure 6.3 shows the width spread calculated bgm3-Tec3and by theUBM model withk = 2 andk = 1.75
for a crown of polynomial of degree 2. It is observed that tire¢ curves have a same negative slope, implying the
width spread decreases almost linearly as a function gf stawn and that th&/BM results match very well those
of Lam3-Tec3dndependently on the value &fin terms of the tendency. In absolute value, witk= 1.75 the UBM
curve is closer to theam3-TecZurve than withk = 2. In addition, Figures.4 shows that the minimum rolling power
corresponding t& = 1.75 is lower than that wittk = 2. Knowing that the smaller the rolling power, the better \widt
spread calculated by théBM .

Similarly, for a crown of polynomial of degree 4, it can besé@e Figure6.5that the width spread decreases also
linearly with an increase in the strip entry crown but moigtgly. TheUBM andLam3-Tecave a good coherence
in terms of tangency of this decrease. And in comparing thermim rolling power calculated by tHéBM for k = 2,

k = 1.75 andk = 1.5 (see Figures.6) we conclude, an other time, that the more minimized thenglpower, the
better width spread theBM gives. Therefore, we need in a near future a 4-parametevédogitter results.
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0.20 3340

- LAM3
-o-UBM k=2

0.15 3320

o0 UBM k=1.75 3300
—~UBM k=1.5
— o005 . 3280
E % 3260 //
0.00
g §_ 3240 /
E- o g 3220 A
g -0.10 e 3200 / -0-UBM k=2
i T
0.20 3160 )
-0.25 T T T T T 3140
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06
strip's crown (mm) strip's crown (mm)
Figure 6.5: Crown of degree 4. Comparison of width Figure 6.6: Crown of degree 4. Comparison of rolling
spread betweedBM andLam3-Tec3 power calculated byBM with different values ok.

6.5 Conclusion

The previous chapteb) presented existing models from statisticaFeM and UBM ones predicting the width
spread for flat strip rolling. These models consider a repibar cross section of the strip at the entry. For long and
shape product rolling processes, an important number of 8Defs were developed to predict the shape variation
including the width spread. In this chapter, a nd®M approach is developed for cold rolling of a strip with inlitia
thickness crown while work-roll is considered straight aadfectly cylindric. The model allows to understand how
the strip spread depends on the initial thickness profileth&sgeometry of the strip is more complex than the case
of flat strip rolling, the roll bite is divided into three ae& which the velocity field is different. The optimization
of rolling power is performed by using Newton-Raphson alhon. As a result, the model shows that the width
variation decreases with an increase in the strip initiaver and théJBM results match very well those obtained with
Lam3-Tec3

This model development showed that tHBM is applicable even when the geometry seems to be complicated
Furthermore, similarly to thi$)BM model, it is possible to develop another one for a rectamgitgp and crown
work-rolls. When the work-roll crown is positivée the center diameter is more important than the work-rollsend
the strip center is also in contact with the work-roll beftre strip edges. The geometry problem would be treated in
aresembling way. This is an interesting perspective ofchapter.
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Chapter 7

A thermal-elastic-plastic width model

The previous chapters present the UBM -based models fohwattation of flat
and crowned strip in rolling process. The results match welthe experiments
on pilot mill using narrow strips. However, it is importard hote that the UBM
assumes a rigid-plastic behavior of the strip that is justlffor a narrow strip
because the elastic width variation are negligible. On tippasite, in industrial
rolling the strip is large and the elastic width variation eh is proportional to the
strip width is no longer negligible. This elastic defornuatiis reversible but it has
important impact on the plastic one. In addition, frictiondaplastic deformation
powers may heat the strip about 50-100°C up. The materighiss dilated in the
width direction but it can not because of the contact friotieith the roll. That cre-
ates compression plastic deformation - called thermal i@ation. In this chapter,
after a bibliography review a new width variation model fontine applications
is developed taking into account effects of elastic and timad deformations in
addition to the width variation of UBM model proposed in thegvious chapters.
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7. A thermal-elastic-plastic width model 7.1 Bibliographic review on width variation in industriabld rolling

Introduction

In the first section, an analysis based.@am3-Tec3esults allow to bring out the contribution of elastic defiation
in the total plastic width spread in a large strip rollingeafollowing, a new assumption is proposed to build a new
model taking into account elastic deformation effect. lis tnodel, as the elastic deformation is important, it is
necessary to determine stress fields in the strip. In thebitd| the material is plasticized in a almost-plane strain
deformation condition, the slab method (see sec®@l.3 gives a good prediction of average values over thickness
direction of the stress fields. Then, two following sectipnssent simplified methods to model two phenomena: elasto-
plastic compression at the entry and elastic spring badkeagxit of roll bite. Finally, in the last section, companso
of width spread with.am3-Tecas well as with industrial rolling observations are presdnb validate the new model.

7.1 Bibliographic review on width variation in industrial ¢ old rolling

7.1.1 Main phenomena involved in width variation

Based on some studies existing perviously in literatureeljrandet al [64] give a global view about phenomena
involved in the width variation of the strip in flat automativolling. According to the authors, the width spread
in rolling is a thermo-mechanic problem. They bring out hreain physical phenomena contributing to the width
variation as follows.

7.1.1.a Edge drop

Strip section

" W

Figure 7.1: Strip cross section after rolling.

This phenomenon is due to a 3D plastic flow near strip edggzrd¢ajmately 20 to 30 mm from strip edges).
Especially, at the strip edges the roll is significantly defed elastically (see Figurds8and2.12) decreasing locally
the strip thickness. By consequence, after rolling theg dtrickness is lower at the edges than at the center (Figure
7.1). This phenomenon promotes an increase of the strip widlte problem of strip edge drop in cold rolling has
been extensively investigatedld, 74, 21, 42] and certain number of other works.

7.1.1.b Elastic spring back

According to Legranet al[64] the strip "elastic spring back" at the roll-bite exit cdhtrtes to strip width increase
in cold rolling. In roll bite, the transverse stress is négat.e the material is compressed in width direction. And
the elastic recovery mainly corresponds to transversestyg relaxation just at the roll-bite exit. The authors give
an estimation of this transverse stress baseldamn3-Tec3FE ([40]) simulations. They point out that the contribution
of transverse stress relaxation to width broadening dependsteel strip work hardening which can be significant in
cold rolling. Due to this work hardening, strip elastic reeoy at the roll bite exit (relaxation of transverse stregg
is greater than strip elastic compression that takes plaibe &oll bite entry, thus strip width increases.

In this chapter (sectiof.2.2.), a further study of width variation phenomena shows thatthstic stress evolution
in the roll-bite influences and changes the plastic trarssleleformation. Therefore, its contribution in width \edion
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depends not only on material work hardening but also stsoaglentry and exit tensions values as well as friction
coefficients...

7.1.1.c Thermal contraction

Edwards B3] explains that successive strip thermal contraction iréaier-stand (due to cooling) combined with
no possibility of strip thermal expansion in each roll bile¢ to friction) is one possible cause of strip width dece@as
cold rolling. During cold rolling, strip temperature inases in the roll bite due to plastic strain and friction. Hegre
itis assumed that this temperature increase occurs withmyupossibility of thermal expansion due to roll-strip fion
forces in the roll bite. Then outside the roll-bite, strig@oled down by coolant spray and natural cooling with a free
thermal contraction. As a consequence, the thermal irséMerexpansion/contraction tends to decrease strip width
continuously through the successive stands.

Indeed according to us, more precisely the thermal defoomitself is reversible but in the roll-bite due to the
contact constrain the thermal dilatation generates a ivegalistic deformation across the width that is irrevdesib
and contributes to the width necking of the strip. More dstaill be pointed out in the section2.2.f

7.1.2 Effect of rolling parameters on width variation
Width variation is mostly negative in industrial rolling

Lafontaine p(] investigated on strip width variation in cold rolling ugim database from Arcelor Florange’s 5-
stand tin-plate and 4-stand sheet cold tandem mills. Herebd¢hat strip width variation is usually negative (necRin
and this width necking is statistically higher on tin pldtan on sheet product. He showed that the wider the strip, the
higher the width necking and that width contraction is statally higher with IF (soft) steels than with harder ones.

Using width measurement devise existing on the industtédtp combined with a new width measurement devise
developed by ArcelorMittal research, Legrand and N§§| analyse database of several cold rolling mills. They
observe equally that the width variation in both tin plate aheet cold rolling mills is usually negative. They perform
also specific trials to analyse width variation problem gshrcelorMittal research Maiziéres pilot mill and some
ArcelorMittal industrial rolling mills. The results of thiwork as well as those of a few other articles are presented
hereafter to point out the effect of rolling parameters alidth variation.

7.1.2.a Anisotropic friction effect

On a study of edge drop phenomenon, Legrahdl [64] perform cold rolling trials on ArcelorMittal Research
Maizieres pilot mill with a 50m/min rolling speed and strifpdth varying from 60 to 70 mm, initial thickness from 1.5
to 3.0 mm, work-roll diameter of 400 mm. They measure theyeantid exit profile in order to bring out the edge drop
phenomenon. In addition, the authors usen3-Tec3[40)to simulate these trials to get better understandingtad- t
phenomena. By comparing the measured strip exit thicknedigs and that obtained Hyam3-TecZimulation, the
authors bring out the anisotropy of friction coefficienicfion coefficient in the transverse direction (across thip s
width) u,, is higher than that in the rolling directign,. Figure7.2show an example of the trial named E16 where the
anisotropic factor is equal to 2. They obtain anisotropyda@rying from 2 to 4 depending on the trials conditions.

According to the authors, such an anisotropic friction carekplained by the work-roll circumferential striations
due to grinding process which generates an anisotropy afitik-roll roughness as showed by Figur&

By comparing width variations obtained from pilot mill tiseand from numerical simulations, they show that the
FE modelLam3-Tec3s able to predict strip width with an accuracy of +/-0.25 nfranisotropic friction is taken into
account (see Figurg.4). They conclude that transverse friction has a significafiténce on strip width: a variation
of transverse friction, by a factor of 2 to 4 makes a strip width modification by 0.5 ®hm. Therefore, transverse
friction appears as a possible actuator for strip width nt
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Figure 7.2: Comparison calculated/measured strip thick+igure 7.3: lllustration of grinding striations inducing
ness profile: evidence of an anisotropic roll-bite friction anisotropic friction in cold rolling.
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Figure 7.4: Comparison calculated/measured strip widtlatrans. Lam3-Tec3 simulations with isotropic and non-
isotropic roll-bite friction coefficients for both steelagtes.

7.1.2.b Effect of bending is indeed effect of strip flatness

Schwarz §g] analyzed strip width variation on Biache’s cold tandeml ifitance) where a strip width sensor was
implemented at the tandem exit. He showed that roll benditnig, tension, rolling pressure and thermal effects have a
significant influence on strip width. However no model wasduzedeveloped. The results presented were essentially
statistical and not predictive.

By doing similar simulations usingam3-Tec3[40]) as [64] (described above) Legrand and Ndgib] analyse the
effect of bending on width variation on stand 1 and 5 of a tatelolling mill. They show that the higher the bending
the lower the edge drop and by consequence the smaller thie vddation (or more necking if the width variation is
negative).

An increase of bending gives long center tendency in stripdlss by distancing the heads of top and bottom work-
rolls and lightening the reduction at the strip edges. lddé#ee strip width variations and flatness are determined by
the work-rolls in-charged profile whatever this profile iseaults of a bending or a designed inimical profile. In other
words, the strip width variation depends on its flathess &edchange in flatness during rolling. The bending is a
parameter influencing the strip flatness like many otherk agdhe work-roll initial profile, thermal crown (related to
a non-homogeneous distribution temperature along thg)roll
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7.1.2.c Effect of tensions

In addition, Legrand and Ng®F] performed trials on Florange 4-stand automotive rolling by rolling 2 coils
with same rolling conditions except inter-stand tensiofise rolling parameters are given in Tabie1). Both coils
thickness is reduced frot8mm to 0.66mm thanks to the 4 standq;; and Ty are the entry and exit tensions of the
tandem mill andl; is the interstand tension between standsd;. It can be seen that the coil "37870-07" is rolled
with higher tensions and ge&nm more necking than the coil "37870-01". The authors conchatece that the strip
tensions have important influence on the width variation@ardbe a potential width actuator.

Coil ID 2we 2]13 2h5 Tl le T23 T34 T4 J{ Aw
Unit mm mm mm Mpa Mpa Mpa Mpa Mp miy

37870-01| 1170 2.8 0.66 54.5 150.2 156.2 199.1 39.0 -291

37870-07| 1169 2.8 0.66 65.7 1765 2284 246.7 39.3 -4.89

Table 7.1: Industrial trials to analyse tensions effect adthwvvariation: thicknesses, tensions and width variatioh
the 2 tested coils (negative width variation means widthreese).

7.1.2.d Effect of reduction

Figure7.5shows strip width variation produced by Florange 5-stardis tin plate mill for two different levels of
strip reduction (86.5%: D&I food and 92.0%: D&l drink), foné same steel grade D&I. Each point of the graphic
corresponds to one coil. It can be seen that an increasemftattkness reduction by from 86.5% to 92.0% decreases
strip width from 5mm to 10mm. Thus, the higher the total reaucthe higher the strip width decrease possibly due
to a stronger thermal effect (higher heating in the bite) ginamotes a width decrease.
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Figure 7.5: Important effect of reduction on width vari- Figure 7.6: Effect of reduction on width variation ob-
ation is showed by a comparison of two series of coilsserved statistically on database of Mardyck 5-stand sheet
rolled at two reduction levels at Florange 5-stand tin platetandem mill.

mill.

7.1.2.e Effect of nominal strip width

As areminder Lafontaine[)] has already concluded in his study that the higher the wiidph the more important
the width necking. Legrand and Ng64] confirmed this tendency based on a database analysis di wadliation at
Mardyck 5-stand and Florange 4-stand sheet cold rollintsmiee Figure3.7and7.8 They explained the tendency
by the fact that the higher the strip width the higher the riredrcontraction contribution as it is proportional to the
strip nominal width. It can be seen more in detail from Figdréthat, indeed the strip width variation amplitude
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increases with an increase in strip nominal width meaniagjifithe width variation is negative (necking) it becomes
more negative and inversely if it is positive (spread) itsgabre positive.
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Figure 7.7: Effect of strip nominal width on width vari- Figure 7.8: Same observation on Florange 4-stand sheet
ation observed statistically on database of Mardyck 5-tandem mill.
stand sheet tandem mill.

7.1.2.f Effect of strip entry thickness and strip yield stress
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Figure 7.9: Effect of strip entry thickness on width vari- Figure 7.10: Effect of strip yield stress on width vari-
ation observed statistically on database of Mardyck 5-ation observed statistically on database of Mardyck 5-
stand sheet tandem mill. stand sheet tandem mill.

It can be seen in Figuré.9that the strip width increases with an increase in stripyetitickness but the effect
is relatively weak. On the other hand, Figutd0shows that on the Mardyck 5-stand sheet tandem mill the harde
the strip the higher the strip width which is possibly due toigher elastic broadening. However, it is worth to note
that, in industrial rolling the harder the steel the loweatoeduction. That means the graplid 0does not shows the
only effect of strip yield stress and the tendency could la¢ ¢ the total reduction. Indeed, for soft steel as the total
reduction is higher there is more width necking due to reduaatffect.

7.1.2.g Summary of rolling parameters effect on strip widthvariation

Table7.2shows a recapitulation of the experiment trials and thestrial database analyses existing in the literature
about the impact of rolling parameter on strip width vadati Only in some cases, the corresponding authors give
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explanations (or share their point of view about possibfg@anations) because the phenomena remains. These results
will be used to validate the simplified model which is deved@fterward.

AWppa = AwEdgeDrop + AwSpringBﬂck — AWThermal

Parameter Nomenclature Edge dbp Spring backAw  ThermalAw | TotalAw  Impact level
Nominal width w N ? N N |Aw| 7 high
Reduction red ? ? s Ny high
Entry thickness he ? ? ? Ve low
Strip yield stress oy N Ve Ve N Ve ?2(*)
Entry & exit tensions T, Ts / ? ? ? Ny average
Work-roll radius R & e ? ? e low
Bending B Ny ? ? Ny average
Friction anisotropy ay N\ ? ? AV average

Table 7.2: Summary of bibliographic review about how rajliparameters influence the strip width variation with
explanations if existing. (*) means that the effect of strigld stress is not clear due to the correlation betweep stri
yield stress and the total reduction in industrial database

7.1.3 Existing models for industrial rolling width variati on

7.1.3.a Streamlines finite difference method -43]

4‘ Calculated width necking

—- .-

N gt---@--

BN

_| Mesured width necking

Figure 7.11: Comparison of predicted width necking to thasueements done at Feblatil 4-stand tandem mill.

Counhaye?3] developed a multidimensional model based on finite difiees numerical resolution, called "Stream-
lines" model. This method allows to simulate stationarybpem formed by equilibrium equations combined with
elasto-plastic behavior. The model is coupled to a tool meédion model based on influence functions method and
a Coulomb friction model with possibility to take into aceadriction anisotropy. The principle of the method is to
integrate the elasto-plastic laws and equilibrium equestialong material streamlines. The streamlines are adjuste
iteratively at the same time with shear stresses. Thisu#iealgives stationary solution very similar to that ob&in
by finite elements methods. The streamlines approach igemalive solution t¢-EM .
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Using the "Streamlines" model, Counh&g] was the first to quantitatively predict strip width varatiin flat au-
tomotive cold rolling conditions. The author interpret Widariation mechanism by three phenomena given perviously
in the section7.1.1 The strip width variations predicted by the model is in eoctragreement with measured widths
(accuracy +/- 1mm) - see Figurell

7.1.3.b Lam3-Tec3- [40, 64]

As already mentioned above, Legraetdal [64] developed a model for width variation in large strip indigdt
rolling conditions and pointed out the three phenomenauegbin the strip width variation as can be seen previously
(section7.1.]) and state that the total width is given by:

Aw = AwEdgeDrop + AwSpringBﬂck — AWThermal (7.1)

WhereAwe jeeprops AWspringBack ANAAWTyermq Are respectively the width variation parts due to edge dyjong back
and thermal contraction phenomena. The first two teAw$ o.p,0p ANAdAWs,yingpack are obtained by mechanical
simulation using-.am3-Tec3 As for the thermal term, it is given by:

Awthermal =aAT (7-2)

whereAT is the variation of strip temperature from entry to exit of tfoll-bite. The authors use a thermal model
developed by Dusset al [32].

Important contribution of elastic and thermal deformation

The authors applied this model to simulate the trials they lerformed on ArcelorMittal Maizieres Research pilot
mill to interpret these trials and bring out the anisotropfriction (see7.1.2.9. They also applied the model to analyse
the contribution of each of the three terms in sheet and &tephills. The results are given in Tablégand7.4. It
can be seen that the three terms are in a same order in botmtanil configurations. The thermal contraction in the
case of tin plate mill is even very important because of végi iheduction. The width variation due to elastic spring
back is also important. It is twice greater the edge drop tierthe case of sheet tandem mill and equivalent to edge
drop in the case of tin plate.

Stand1 Stand2 Stand3 Stand4 Stand5 Total
AWEggeDrop (MM) 0.26 0.31 0.16 0.11 0.01 0.8b
AWspringBack (MM) 0.16 0.24 0.30 0.26 1.00 1.96
AT (°C) 34.8 16.1 30.6 23.7 6.4 1116
AW Therma (MM) 0.6 0.28 0.53 0.41 0.11 1.92
AWty (MM) -0.18 0.27 -0.07 -0.04 0.9 0.89

Table 7.3: Results of contribution of width variation pherenon using.am3-Tec3and a thermal model3p] on
Mardyck tandem mill for a nominal widtvy = 1232mm, h, = 5.54mm andhs; = 2.54mm, red = 54% (see p4] for
more details).

Stand1 Stand2 Stand3 Stand4 Stand5 Total
AWEggeDrop (MM) 0.14 0.09 0.38 0.30 0.79 1.70
AWspringBack (MM) 0.24 0.17 0.14 0.26 0.61 1.40
AT (°C) 32.2 24.0 50.2 52.3 82.4 241)1
AW Therma (MM) 0.41 0.31 0.64 0.67 1.05 3.0y
AWty (MM) -0.03 -0.05 -0.12 -0.11 0.35 0.08

Table 7.4: Results of contribution of width variation pherenon using.am3-Tec3and a thermal model3p] on
Cockerill tin plate mill for a nominal widthv = 910mm, h, = 2.50mm andhs; = 0.087mm, red = 84.5% (see p4]
for more details).
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7.2 Analytical thermal-elastic-plastic width variation model

7.2.1 Why develop new model?

Importance of elastic and thermal deformation: According to the studies presented above for industriihgl
process of flat and large product, there are three mechawgismisbuting to strip width variation: edge drop, elastic
spring-back (relaxation of transversal stress at exit estland) and thermal contraction. Edge drop and elastiogpri
back promotes an increase of strip width while the thermatragtion makes it decrease which explains why in indus-
trial database the width variation can be positive and megjaFurthermore, to quantify the part of each mechanism,
[64, 65, 23] developed models based on FEMa(3-Tec3d and FDM ("Streamlines method") and illustrated that the
width variation due to elastic spring-back and the thermataction is important in general flat cold rolling conditi
And they can be greater than the width variation due to edgje irtin-plate mill condition with high reduction level.

In the chapteb, some statistical models (sBel) as well adJBM -based model$(2) for width variation analysis
are presented. The width variation predicted by these rsddellways positive while the industrial observations in
automotive cold rolling mills show that the width variatimmostly negative - called necking. These models assuming
a rigid-plastic behavior of the strip are not able to modelghring back phenomena.

No existing model is fast enough for online applications In addition, there exist very few attempts to develop
width variation models for flat automotive cold rolling. Iuoknowledge, only FEMl(am3-Tec3, Abaqus) and
Streamlines Finite Difference (se@/] 65, 23]) are able to describe width variation problem but the cotimgLtime is
too high (several hours) to be used for preset and onlinealatplications.

Conclusion: Those are the reason why we aim at developing a rapid modeltafgredict the width variation
in industrial flat large strip cold rolling. The approachdsuseLam3-Tec3o analyse and understand in details width
variation phenomena in order to adopt suitable hypothdkmgiag to develop this simplified model in keeping the key
phenomena and influence parameters.

7.2.2 Assumptions - analysis of width variation using.am3-Tec3

Three general assumptions

Firstly, here are the assumptions that are not based thgsialf Lam3-Tec3results. They are, nevertheless
necessary to fixe the working domain of the model to develop.

7.2.2.a Symmetry:

The considered rolling process is both top-bottom and dperaotor side symmetric. Therefore, only one quarter
of the geometry needs to be studied (8ek1.5).

7.2.2.b Coulomb friction model:

As we are interested in elastic deformation, especiallhadlastic spring back area where the strip is deformed
elastically under contact with the work-roll at the exit bktroll-bite, Coulomb’s law seem to be more realistic to
model the friction. As a reminder, the Tresca’s friction deg@ing on the material yield stress is not suitable for elast
deformation areas where the yield stress does not invaivéeiproblem.
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7.2.2.c  Work roll deformation:

The work-roll shape is considered circular and straightmraathat only the flattening can be taken into account
by Hitchcock’s model (se2.4.2.3 and the deflection deformation is not considered. The edge id therefore not
modelled by this model. The reader of this thesis will seerlgtat aUBM -based model is one part of the width
variation global model that we develop in this chapter. AmelUBM -based model is the one presented in the section
5.3which considers a circular and straight work-roll. By theywas the chapte presents atUBM -based model of
width variation for a crowned strip, it is possible to deygbnUBM -based model for a non-straight work-roll shape.
This potential development is one of perspectives of thigkwo

Three specific assumptions Eam3-Tec3simulations

Secondly, follows are the assumptions which are issued fhenunderstanding of physical phenomena involved
in width variation in cold rolling by analyzingtam3-Tec3esults. Let study theam3-Tec3simulation results for a
industrial rolling conditions given in Table5.

Stand | 2w.(mm) | 2h.(mm) | 2hs(mm) | red(%)| 2R(mm) | op(Mpa) U T.(Mpa) | Ts(Mpa)

1 1170.0 2.800 1.677 40.11 538.66 516.619 0.036412 51.0 0150.
2 1.677 1.007 39.95 517.24 555.480 0.038186  15Q0.0 156.0
3 1.007 0.663 34.16/ 601.48 620.368 0.022206 156.0 199.2
4 0.663 0.652 1.66 550.81  640.000 0.110 1992 39/0

Table 7.5: Typical industrial rolling conditions of flat amotive product - ArcelorMittal Florange 4-stand cold g
mill.

Lam3-Tec3simulations: For each stand, severahm3-Tec3imulations are done taking into account different
hypotheses as follows:

« elasto-plastic strip with 10 elements in the half thiclees
« elasto-plastic strip with 1 element in the half thickness

« rigid-plastic strip with 1 element in the half thicknessdeed this calculation is performed using a elasto-plastic
strip with Young modulus multiplied by 1000)

« thermo-elasto-plastic strip with 1 elements in the hatfkhess with heat exchange between WR and strip
* thermo-elasto-plastic strip with 1 elements in the haltfkhess without heat exchange between WR and strip

 thermo-elasto-plastic strip with 10 elements in the Haifkness without heat exchange between WR and strip

As mentioned above, the strip flatness influences also thiwatiation. In order to compare these simulations,
they are performed so that the strip flatness is the same.ctntfe thermal-elasto-plastic simulation give a same
flatness as elasto-plastic one but the rigid-plastic doésTiwus, we choose work-roll initial profile (crown)to get a
similar flatness as that of elasto-plastic.

7.2.2.d Average behavior across strip thickness - Slab metld

The graphics in Figur&.12illustrate the profile of strip width variation from upstredo downstream of each of
the four stands. It can be seen that the width spread is atim®stame with 1 or 10 elements in half thickness of the
strip. The only exception is the first stand but we do not haydemation for this exception. Hence, to model the width
variation it is enough to model an average behavior (stetissEn, strain rate...) across strip thickness. This olagem
leads us to an assumption which is similar to that of slab otetfio model the width variation, we can assume an
homogeneous deformation across the thickness (as slab wetsee?.3.1.3.
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Figure 7.12: Comparison of width variation bAm3-TecZimulations using 10 and 1 element in strip half thickness
for each of Florange cold rolling mill stands.

This assumption allows to simplify drastically our anatyand model development. From now on, the analysis
will be based oham3-TecZimulations with 1 element in the strip half thickness.

7.2.2.e The strip is deformed plastically before contact wh the work-roll

| B: first point of contact |

’ D: last point of contact |

T

I A: first point of plastic zone |

| C: last point of plastic zone |

LJA

Figure 7.13: Stand 2: Comparison of contact and yield fields.

As a reminder, the existing models in the literature suchlddnd [27] (see section®.3.1.eand2.3.1.fcor-
respondingly) consider that there is a zone where the strgdready under contact with the strip and is deformed
elastically before being deformed plastically. This zamealled elastic entry zone. However, in the contrary to this
assumption, it can be seen in Figurd 3showing a comparison of contact and yield fields obtainetd iém3-Tec3
for the stand 2 of ArcelorMittal Florange mill, that the ptis deformed before being in contact with the work-roll.
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On the other hand, at the roll-bite exiam3-Tec3Fesults shows, in a good agreement with existing modelslasti®
recovery zone at the roll-bite exit where the strip is defedmalastically under contact with the work-roll.

Stand 1 Stand 2
—~Contact
i —Yield i
—Contact 08| 08
—Yield
0.6 0,6
04 04
02 02
0,0 00
20 -15 410 X (mm) -5 0 5 20 -15 410 X (mm) -5 0 5
Stand 3 Stand 4
—Contact —Contact
—Yield o —Yield 9
08 | 08
0.6 06
04 04
02 02
00 00—
-20 15 410 X (mm) 5 0 5 3 -2 1 X(mm) 0 ! 2

Figure 7.14: The contact and yield fields obtained vi#m3-Tec3or the four stands of ArcelorMittal Florange mill.
Except the stand 4 where the reduction is very smdll= 1.66%, the strip is deformed plastically before contact.

Figure7.14showsLam3-Tec3esults about the contact and yield area for the four stahdan be seen that for the
firstthree stands 1, 2 and 3 the strip is deformed plastibatfgre being in contact with the roll. But for the stand 4 with
small reduction (red=1.66%), the entry compression islgwelastic as supposed by ] and [27]. The "Simplified
entry compression model" presented in the secti@is not good for the last stand. However, the assumptiomstati
that the last point of plastic deformation is the lowest poiithe roll C is quit verified. On the other hand this figure
shows existence of an elastic contact area at the exit timaigood agreement with the simplified model.

Finally, we consider that the strip deformation can be didichto three zones given in Figurel5as follows:

1. Elasto-plastic compression before contactThe strip is deformed elastically and then plastically hefore its
contact with the roll.

2. Roll-bite: The roll-bite is defined as the zone from the first point of aohB to the last point of plastic defor-
mationC. It is different to both the plastic zone as well as the cortane.

3. Exit elastic spring back: This zone starts at the last plastic deformation p@irsind is divided itself into two
zones, one under conta@D) and the other is after last contact pdihtvhere the strip is free.

7.2.2.f  Assumption of material flow in strip width direction

Impact of elastic deformation: Figures7.16show comparison of width variation profiles obtained withstb-
plastic and rigid-plastic strip behavior correspondirtglyhe four stands. The simulations with rigid-plastic beba
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Figure 7.15: Roll-bite of an elasto-plastic strip in typicaling conditions.
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Figure 7.16: Comparison of width variation bAm3-Tec3imulations using elasto-plastic and rigid-plastic st
havior laws for ArcelorMittal Florange cold rolling mill abds.

give width variations much lower than those given by thetelgpgastic ones. This comparison illustrates that the
elastic deformation has an important influence on the glaste and need taking into account to well estimate the
width variation of strip in industrial rolling.

Figures7.17show a zoom in the roll bite of Figura16 In the roll-bite, the plastic and elastic spreads have an
opposite sign and almost the same absolute value, implijetgaly action of friction the elastic spread is transformed
to plastic spread to keep the same flow as the case of rig&liplaehavior. In addition, observing that the two curves,
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Figure 7.17: Comparison of width variation bAm3-Tec3imulations using elasto-plastic and rigid-plastic st
havior laws for ArcelorMittal Florange cold rolling mill anhds.

elasto-plastic and rigid-plastic width variation profie® not very different one from the other we propose theesdor
new hypothesis to simplify impact of elastic deformationhie plastic width variation as follows:

Independent lateral flow assumption 1 - elasticity influenda the roll bite the total elasto-plastic width variation
profile is same as the rigid-plastic one. It means that th&tieldeformation in the roll bite is completely transformed
into plastic deformation or in other words, the total matkitow in width direction is almost the same in the two cases:
elasto-plastic and rigid-plastic simulations.

Impact of thermal deformation - Thermal contraction: ~ Similarly to the study of the impact of elastic deforma-
tion, thermal-elasto-plastic simulations witlam3-Tec3are performed considering that 100% of plastic deformation
and friction dissipations are transformed into heat. Thetiém dissipation is shared 50%-50% between the roll and th
strip. The heat exchange coefficient between strip andgélid = 2.104%. As can be seen in Figuig18that the
total strip width variation of thermo-mechanical simutes is the same as that of mechanical ones. The assumption of
independent lateral flow (announced above) is also verifidet the elastic deformation the thermal width dilatation
in the roll bite is also completely transformed into plastne.

Independent lateral flow assumption 2 - thermal dilation infnceThe total strip width variation profile of
thermo-mechanical simulations is the same as that of mézdame.

7.2.3 Proposal of thermo-elasto-plastic width variation nodel
7.2.3.a Formula of total width variation

According to these assumptions, in this section we preseeivdamily of models of width variation in automotive
flat products rolling. The principle is based on thdependent lateral flow assumptions 1 - elasticity influerand?2
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Figure 7.18: Comparison of width variation bAm3-Tec3mechanical and thermo-mechanical simulations using 1
element in strip half thickness - ArcelorMittal Florangdatoolling mill.

- thermal dilation influencepresented in the subsecti@r2.2.f Concretely, the independent lateral flow assumption 2
implies that

thermo—elasto—plastic __ elasto—plastic _ elasto—plastic
A total - Awifoifal - Awenh’y

and the independent lateral flow assumption 1 allows to aqupiatie the width variation in the roll-bite by

elasto—plastic elasto—plastic
T AWl pite T DWeyis (7.3)

elasto—plastic _ rigid—plastic
A roll—bite = Aw : (7'4)
- . . .. lasto—plasti P .
In addition, at the exit, the strip is only deformed eladtjcae Aw’ " "~ 7" = Aw¢l®te, we obtain finally:
thermo—elasto—plastic elasto—plastic rigid—plastic elastic
A total =A entry + Aw ger + Awexit (7'5)

where

A :gfgl’m’_emsm_plﬂsm is the total width variation of the strip that is modeled aarthal-elasto-plastic material.

elasto—plastic
* A entry

7.15.

. A fff;lsf’l;t’;lﬂsm is the strip width variation in the roll-bite.

is the width variation before entry of roll-bite of elastagtic strip (before poinB - Figure

« Ag'8id—plastic js the strip width variation for a rigid-plastic behavior hi§ variation only occurs inside the
roll-bite because there is no elastic deformation outdide dll-bite.

. A iﬁm—plusm is the elastic width variation after exit of roll bite for atasto-plastic strip. This term is purely

elastic and is indeed the elastic spring back tﬁmﬁﬁif already mentioned above.
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7. A thermal-elastic-plastic width model 7.2 Analytical thermal-elastic-plastic width variatiorodtel

7.2.3.b Formula of plastic width variation

The formula7.5 give us a zone-by-zone breakdown of the thermo-elastdiplstsip width variation from entry
zone through the roll-bite to the exit zone. The impact ofttaand thermal deformations are implicit. In order to
better point out these phenomena, let study the "final" stiijth variation which corresponds to the plastic one given

by:

plastic thermo—elasto—plastic elastic thermal
AW = By = AWiprar — AWyt (7.6)

where

. Awf;f;fic is the total plastic-deformation part of the strip width igsion. This is the final permanent width

variation after being cooled down to initial temperaturgu@ to entry temperature) and relaxed of stress.

. Aw‘;é‘;;fic is the total elastic-deformation part of the strip widthia#ion. This term is determined by the dif-
ference between the entry and exit the stress tensors. dartfre roll-bite, the stress tensor contents only

longitudial component that is equal to entry and exit temsida herefore,

; T, T,
last e s
Aw(;o?;llc =V <0_—5 — U'_OS) . (77)

. Awi’;f;;“”l is the total thermal-deformation part of the strip widthigtion. This term only depends on the

variation of strip temperature given by:
Awthermal — g, AT (7.8)

whereay, is strip material dilatation coefficient.

By substituting7.5into 7.6 we obtain:

plastic elasto—plastic ricid—plastic elasto—plastic elastic thermal
A total Awentry + Aw"8F + Awexit - Awtotul - Awtotul (7'9)

This formula explicitly shows how the plastic spread in thse of a thermo-elasto-plastic strip is different from that
of a rigid-plastic while the formuld.5does not. By substituting the total elastic teftva/%stc by the sum of the three

total
i elastic elastic elastic ;
elastic termsuwg, i, Awyp™;,, andAwg 737 we obtain

plastic _ elasto—plastic elastic rigid—plastic elastic thermal elasto—plastic elastic
Al = | Aw — Awglistie] 4 | Agrisid—plastic _ agpelastic  agpffiermal | 4 Az — Agrlastic]

total entry exit exit
(7.10)
And by noting that at the exit there is no plastic deformattbis formula becomes
plastic _ elasto—plastic elastic rigid—plastic elastic thermal
AWy = [Awentry - Awentry + [Aw"$P — AW, e — DWipial +0 (7.11)
o plastic plastic ’
- Awentry + Awmll—bite

meaning that the total plastic deformation is only causethbyentry and the roll-bite areas.

7.2.3.c Discussions

More complete and clearer formula compared to previous stues [23, 64]

Since the equatiod.9, it seems obvious that first two termsy”. 50~ PI#5He | Ayrigid—plastic are not mentioned by
Counhay P3] and Legrancket al[64]. That means, the new model consider in addition to the pimema studied by
[23, 64] (see7.1.]) two other phenomena:

1. Lateral flow of the roll-bite Aw’i8d—Plastic: The material flow in roll-bite of the strip is not mentioned[itf]
and [B4], implicitly it is neglected. In the industrial rolling condition, theigtis very large and the this part is
negligible but it can be very important for a narrow stripgseore in the previous chapters).
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7. A thermal-elastic-plastic width model 7.3 A simplified entry elasto-plastic compression model

2. Entry compression: Conversely to the way of the exit elastic spring back, at tiiehite entry, the strip is
compressed and has a variation of its width. The article doementions this phenomenon but in many cases, it
has an important distribution to the total width spread.h&téntry, in typical automotive cold rolling conditions
the strip is generally deformed plastically before beingamtact with the work-roll (see Figuré13. In the
section7.3, a new model for the entry compression is proposed in ordestimate the width variation due to
the plastic deformation before the contact.

Edge drop is not taken into account

It is also important to highlight that in this thesis, thdge dropis not studied because such a study requires a
model for roll deformation. This study can be carried ouhatdame time with the influence of strip flatness on width
variation - considered as a perspective of this thesis. itndise, the "edge drop” is indeed a part of lateral flow term
Aw'i8id—plastic \which needs to take into account the work-roll in-chargetgfifer especially near to the strip edge (see
Figure2.12for explanation of this phenomenon).

7.2.4 Development of simplified model

According to the new modél.9 the stress field needs to be determined. As the strip is l#1ge8D mechanical
problem may be modeled as 2D - in other words the strip vanasi a small perturbation and does not make changes
on the global stress field. Therefore, we are interestedyipiaal 2D model for stress solution such as the slab method.
In a simple model considering the behavior of the strip ag4jastic, this method is easy to program and gives a good
stress field in the roll bite. However, for an elasto-plabéhavior strip, it holds some difficulties particularly bhet
entry and exit of roll bite.

To solve the whole problem, it is necessary to consider alitetplastic equations in three areas: before, inside
and after the roll-bite and the two limit conditions on theest given by entry and exit tensions. These equations
are coupled and have to be solved together. The program Vg laeal calculation time becomes considerable (see
more P7] or 2.3.1.fand [LO€]). [17] (see2.3.1.8 propose an alternative simplified resolution allowing & faster
calculation. However, all authors assume that at the effitryliebite, the strip is plasticized after being in contagth
the roll. Then there is an elastic compression under coatabe entry of which the equations are written similarly to
the spring back at the exit. This is in contrary to what we olesawithLam3-TecZimulations (see subsecti@.2.e
and Figurer.15.

These are two reasons why we develop here a simplified modethan "slab" hypothesis stating that it is enough
to consider homogeneous behavior in the strip thicknessstbmodel the strip width variation (se€2.2.9. Three
following sections present respectively simplified modefsr entry compression, the exit spring back and roll-bite
thermal heating.

7.3 A simplified entry elasto-plastic compression model

Shear stress assumption

At the first point of contact with the work roll, the strip defoed, more exactly sheared iz plane. This entry
area is modelled as a slipping surface (a discontinuityaserbf strip material velocity) by the numerous upper bound
methods existing in literature. For example, the upper danathod with rigid bodies motions velocity fieldl(] - see
3.2.3o0r continuous eccentric velocity fielé,[6, 7] - see3.3.1or continuous simple or elliptical velocity field §] and
[31] - see3.3.2and3.3.50r circular velocity field 7] - see3.3.4

Moreover, as a reminder of the subsectib.2.¢ for the typical rolling conditions of Florange 4-stand inile
observe a plastic deformation area just before contacs i$hiliustrated in Figur&.13for the stand 2. This is true for
a case where the thickness reduction is quite high (starflarid 3) and not true for the stand 4 where the reduction is
only 1.66% (see Figuré.14). Therefore, let consider the following assumption.
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7. A thermal-elastic-plastic width model 7.3 A simplified entry elasto-plastic compression model

Shear stress assumption: The strip material is deformed plastically just before tbatact (pointA - Figure7.19
due to an apparition of an enough importantplane shear stress componetlt. We assume moreover that the other
shear stress components are equal to zé_yo: (7;; = 0 and there is always no stress in the lateral vertical divesti

A _ A
Oyy = 0z, =0.

Homogeneous stress in thickness assumption

The analysis oL.am3-Tec3calculations resulted to the assumption that: To model titkhvwariation, we can
assume an homogeneous deformation across the thickne§sZs&d.

Now, by writing the equation of equilibrium in longitudindirection of the strip part before the first point of plastic
deformationAA'I' we deduce that

o =T,
Therefore, the stresses tensoA&! is:
T, 0 of
=] 0 0 0 (7.12)
ch 0 0
The deviatoric stresses tensor is: ) N
5Te 0 ooy
4 = -1, 0 (7.13)
cA 0 —iT.
As A is the first point of plasticization, the Von Mises critersavierified:
3 314 1 1
‘/EéA 8% = \/5 [§T3+ 512+ §T3+20,g,2} =0y
Then:
2 2
o5 —T,
ol = |2 3 ¢ (7.14)
Then the stresses at the pokts:
2_ T2
T, 0 @ T
ot = 0 0 0 (7.15)
172—T€2
—/ A0 0

Plane strain deformation assumption under contact

Plane strain deformation assumption: Once the strip is under contact with the work-roll, we asstinae it is in
plane strain deformation. This assumptions means that n&aer the strip width variation is a very small perturbatio
and negligible in terms of stress approaches. Moreoversagrae that at the first point of cont&;tthe shear stresses
are equal to zero. By consequenceBatll hypotheses if slab method are verified and thereforetthesstensor at this
point can be given by the equati@4 In addition, similarly to the poin&, the equilibrium in longitudinal direction
implies that:

o8B =T,
Finally, we have:
T, 0 0
=10 L7 0 (7.16)
0 0 T.— &
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7. A thermal-elastic-plastic width model 7.4 A simplified elastic spring back model - elastic slab mdth

Plane strain deformation between A and B

AB plane strain assumption: We assume that the poiAtis so closed to the point B that the total width of the strip
does no changes between these two points.

This assumption induces that on AB:
Ae;lyﬂsm + Ael%astic -0

or
A B A B A B
Ae%ﬂsm _ —Ae;ly’mic _ Oyy = Oyy —V (‘TxxE_ Oxy T 0z — ‘Tzz) (7.17)
By substituting the equations16and7.16in to 7.17, we obtain:
o 1-21)2 - (1-v)T,
Aehytic = B (7.18)
To sum up, at the entry part IAB the strip width variations are given as follows
elasto—plastic
A entry ¢ =0
, , 1-21) % —(1—-v)T, (7.19)
Bl = st = 2 w

By consequence, the total plastic width variation formulal can be rewritten as follows Whemwﬁé’ﬁfzite =
Awelustic-
BC -

plastic __ elastic rigid—plastic elastic thermal
AWy = —AwHE " + Aw" TP — Awp @ — Awj o (7.20)
and finally
plastic __ rigid —plastic elastic thermal
AWy = Dw"8 PN — AR — Awyofe"™" (7.21)

illustrating that the plastic width variation is only imgead by the elastic and thermal deformation betwaesndC
(the first and last point of plastic deformation). This folmis valid when the following assumptions are verified:
Independent lateral flow assumptions 1 &<ee7.2.2.fand Plane strain deformation between A andpBesented
previously.

7.4 A simplified elastic spring back model - elastic slab metid

As mentioned previously, the exit spring back is the widthatéon of the strip at the roll-bite exit due to a relaxation
of strip stresses. Actually, the spring back is realizednio steps (see Figuré.19for illustration). The first step is
the relaxation of the vertical stress, between the lowest point of the rdll and the last point of conta@. And in
the second step, the lateral stress is released within @tqragt of the strip. In general, the length of convergence of
lateral stress relaxation is approximately equal to thp siidth.

The second step appears after contact and the problem is mmurehsimple than the first one because the strip is
free. The only unknown for this step is the stresBat herefore, the first relaxation step is the principal onthefexit
spring back problem. For a 2D problem, the spring back prolideconsidered to be the first step ([ 27]) - relaxation
of the compression in thickness within the ada. In this area, the relaxation of vertical stress drives targation of
the stress in all other directions. Moreover, unlike theyeateaAB the tangency of the roll surface at the exit of roll
bite is near to zero and therefore the size of the spring baeCGD is considerable. It can be about 10% (even much
more in the case of small reduction rolling) of contact Iéndfts great influence on roll force and torque is observed.
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B *iastic deformation
l:| Elastic deformation

Lateral stress
relaxation hs’ Ts

Elastic compression

Vertical stress
relaxation

C’| Elastic spring back F’

Compression B’
before contact

Figure 7.19: At the exit, the exit thickneBs and tensioril; are known but the thickneds- and tensiorii- atC as
well as the positionrp and strip thicknessp atD are unknown.

Inputs of model

Exit thickness and tension: At the exit far from the roll bitd-, the strip thickness is equal ig and the stress is
given by the exit tensioffi; as follows

and the elastic strain associated to this stress can baneltay the linear Hooke lavir (27) as follows

Ts
€y = Vg (7.22)
1 Ts 0 0
e=2|0 L o0 | (7.23)

0 0 —vT;

If hfl”x denotes the exit strip half thickness after release thesttke equatior.23implies that

ety ~ (1 —l—v%) hs. (7.24)

Work-roll shape: The roll shape is an input of the problem that gives the shipkhess functiork(x). Even
though the resolution of spring back problem does not depentie form of this function, the roll is modeled to be
circle with a deformed radiug ;. calculated by Hitchcock’s model. Then, the strip thickneghin contact are€£D
is given by the work-roll shape arig- strip thickness a€ representing the minimum thickness of the strip:

h(hc,x) :hC+Rdef_ ,/R%ef—xz. (725)

Outputs of model

The thickness and tension at the exit for from the roll-litare known but the strip thicknesskg at the lowest
point C andxp position of the last point of conta@ are unknowns of the problem. They are the outputs of the
problem. The strain and stress as well as the strip widtlatran through ouCDF are equally the outputs.
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7. A thermal-elastic-plastic width model 7.4 A simplified elastic spring back model - elastic slab mdth

7.4.1 Assumptions
7.4.1.a Homogeneous stress in thickness assumption - slabthod:

As a reminder of th&.am3-TecZXalculations analysis (sée2.2.d, to model the width variation, it is enough to
consider a homogeneous deformation across the strip #mskrHence, we develop in this section a simplib
methodo approach the exit spring back problem. Some assumptierth@same as those of rigid-plastic slab method
already presented i&.3.1.aexcept the hypothesis on rigid-plastic behavior. Two ofriletating thatleformations are
homogeneous across the thicknasdshear stresses are negligititaply that the stress tensor only dependsrdout
not ony andz, g(x). By consequence, the elastic deformation strain tensds@safunction ofx only. As in this
spring back area the plastic strain is unchanged, leuséo denote the elastic straifwhich normally denote the
total strain). This notation is of course only valid in thessgon of the thesis.

As the strip thickness is given By25as a function ofi- andx, the elastic deformation in thickness direction is
also a function ofi- andx:
h(hc, x)

1
hge ax

€zz(hc,x) = -1 (7.26)

whereh’¢/%¥ is the exit strip haft thickness after release the stigggven by7.24

7.4.1.b Assumption of plane strain deformation
Elastic plane strain deformation within CD: As the first step of spring back is always under contact and the
length of this are&€D is much smaller than the length of the second step, we caroseypat there is no width variation

in the first step. This assumption implies that along thigivak stress spring back area, the lateral deformation is
unchanged and equal &g, (x) = const= €.

Plastic plane strain deformation at C: We suppose firstly that the last point of plastic deformat®o@, the
lowest point of the roll surface. It is considered in addittbat the deformation of the strip is also plane at this point

7.4.1.c Assumption of total relaxation of vertical stress

This assumption states that after the first stepf D, the stresse o, is totally released.

7.4.2 Basic equations
7.4.2.a Equations of elastic behavior

In elastic domain, the mechanical behavior is modeled bythake law. As the shear stress and strain components
are neglected and the other components are function®ofy, the Hooke law is written as follows

ce) = 7 V)’(S 5 (1= V)ewa() + veyy + vea(ho, )]
oyy(x) i 1/)](51 ) [vexx(x) + (1 — v)eyy + vez(he, x)] (7.27)
022(x) = Wﬁl—&/) [vexx(x) +veyy + (1 —v)ex(he, x)]

whereE; andv are the Young modulus and Poisson coefficient of strip neltaride are the elastic strain withi@D.
By subtracting the second to the third equatio” &7, we obtain

% [eyy(x) + vez(x)]. (7.28)

oyy(x) — 022(x) = T
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7. A thermal-elastic-plastic width model 7.4 A simplified elastic spring back model - elastic slab mdth

And by eliminatinge., from the first and third equation @f27we deduce that

1%

mUXX(x) + 1_% [veyy(x) + €z (x)] . (7.29)

O2z(x) =

7.4.2.b Boundary conditions at C

As the stress a satisfies at the same time condition of plastic plane straforchation as well as Von-Mises
criterium like the rigid-plastic slab method, it can be gil®y 2.24 meaning:

Te 0 0
C o
=10 Te—75 0 . (7.30)
o ZlTOC
0 0 Te— 4

whereT denotes the longitudinal stress@ti.e ¢&, = T¢. We deduce fron7.30that

C

oG, =Tc - ‘% (7.31)
C

oS =Tc— 2%. (7.32)

As C is the limit between the plastic and elastic deformatioragyé¢he stress & satisfies also the elastic behavior
equations, in particulaf.28and7.29 By substituting7.31and7.32into 7.28we obtain:

14+vo§
eyy = €5 (hc) + 7 - (7.33)
allowing to determine,, as a function ofic and onlyhc: e,y (hc).
Similarly, by substitutingg.31into 7.29we can calculatd- as a function of:- as follows
_ E c 1-v o§
Te(he) = T 0= (enhe) +ve&lhe) ) + 1= 2 (7.34)

7.4.2.c Equilibrium equations within CD - Slab method

The equilibrium equations of a slab inandz directions are respectively given 227 and2.28(see details in
subsectior?.3.1.3. To make it easier for the readers, these equations arétewmnere as

* In x direction :
= (h(x)0x(x)) = —0(x) (x) — T(x). (7.35)

* In z direction :

!

Ooz(x) = —ou(x) + T(x)h (x). (7.36)

In this spring back area the strip is elastically deformed tre friction is modeled by Coulomb model. It is
important to note that the longitudinal velocity of the gti$ usually greater than the roll velocity in this area. The
exceptions cases are those where the neutral point is vesgalto the poin€. In these cases there are two neutral
points, one withinBC and the other withirCD. In this thesis, these exceptions are not studied becausevefal
reasons. Firstly, these cases are not frequent in industiag because they are closed to the stability limit - tralu
point is atC or does not exist. Secondly, these cases can be treated iinilarsivay as the case without neutral
point in CD which will be studied hereafter because the position of gagtnal points can be determined by the flow
conservation equation.
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7. A thermal-elastic-plastic width model 7.4 A simplified elastic spring back model - elastic slab mdth

We assume therefore, that there is no neutral point in thegpack area and the strip velocity is higher than that
of the roll. The friction acted on the strip is, by consequegiven by2.30with negative sign:

T = —Uoy. (7.37)
By eliminatingt(x) andoy, (x) from three equations.35 7.36and7.37we obtain :

d 1 W (x)—pu /
%Uxx(x) ) |1 _'_h,(x)‘uo'zz(x) —h (x)oxx(x) | - (7.38)

Finally, by combining the equilibrium equatidh38with 7.29 we obtain a differential equation allowing to determine
the evolution oby, as a function of:

d
ﬁaxx(x) + A(x)oxx(x) = B(h¢, x) . (7.39)
with
1 —V h, — ‘H /
Alx) =+ 7
(x) h ll—v1+h'y +
, (7.40)
1h —
B(he,x) = 1o+ hf; 7 ew(he) + ez (he, )]

7.4.2.d Boundary conditions at D
Thanks to the assumption of total relaxation of verticadsdr the vertical stress@tis equal to zero (seé.4])
o2 =0. (7.41)

Moreover, the equilibrium equation of the strip exit paid’F'F in x direction induces that

oD =T, (7.42)

Obviously, the stress & follows the elastic behavior equations. Thus, by subgtigu?.41and7.42into 7.29we
obtain

v(l+v)

T (7.43)

Veyy(hc) + G?Z(hc, Xp) = —

where the deformatioel) (hc, xp) is given by7.26for x = xp.

7.4.3 Resolution algorithm
7.4.3.a Determination offi-

Since the equations above, let introduce a function asvistié¢-or a giveri,

calculatecS, (hc) using7.26for x =0
calculatee,y (hc) using7.33

calculatel - using7.34

A

determinexp so that equatiofi.43is verified
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5. using finite difference method to determing (x = xp) (xp is obtained in the previous step) from the differ-
ential equatiory.38whereA(x) andB(k¢, x) are given by7.4Q The initial condition is aC wherex = 0 and
oxx(x = 0) = T¢ determined in the step 3.

6. calculate the difference between (hc, x = xp) andT;
Indeed, the difference between,(hc, x = xp) andT, determined by this way is an 1-variable function/pf We

choose, therefore Newton algorithm to deternfigeso that this difference between, (hc, x = xp) andTs is equal
to 0. The initial value ofi- can be chosen as that of Bland & Ford model (given in the stibsst.3.1.8.

7.4.3.b Determination of width variation

Oncelic is obtained, repeat the first two operations mentioned atmuetermines, (ic). The width variations
in spring back areas are then calculated by:

AwCP =0
thermo—elasto—plasti (7.44)
AT = P = [~ eplhe)

wheree;y is yy component of the strain tensor given b3

7.5 A simplified model for roll-bite

7.5.1 Total width variation in roll-bite - rigid-plastic UBM

It should be recalled that thanks to two assumptioependent lateral flow assumption 1 and 2 for elastic defor
mation and thermal dilation influencégsresented in the sectiagh2.2.{ the total material flow in the roll-bite (between
B andC) of a thermal-elasto-plastic simulation is relatively gamto that of a rigid-plastic model. Moreover, keeping
in mind that the edge drop phenomena is not considered iththsss. In addition, we highlight once more that the strip
flatness variation has important impact on the width vatatOur study is limited for the case where strip is flat is at
both the entry and exit of the roll-bite (no flatness defethe strip is thus deformed quite homogeneously across the
width directioni.e the strip thickness reduction is homogeneous across fhengtith. In other words, we can consider
a rectangular strip at the entry and a straight under-chnafée of the roll (without deflexion).

In this condition, the rigid-plastic material flow is comfaty predicted by the model introduced in the sectoB
using the simple or elliptical 3D velocity field. In this sexct, the comparison diBM results obtained using two form
of the width function (polynomial inc and polynomial inz(x)) shows that the results are very similar so we choose
the polynomial inx for its simplicity. See all details of the model 13

In summary, the total width variation in the roll-bite is fityaappreciated by

thermo—elasto—plastic _ rigid—plastic __
A roll —bite - AT’UrOZZ—biz,‘e = (7'45)

wherex is the rigid-plastic width variation that one of two parasrstof the width functios.40determined by rigid-
plasticUBM model.

7.5.2 Elastic deformation - Stress approach

According to the assumptidmdependent lateral flow assumption 1 - influence of elastfornation the elastic
deformation in the roll-bite induces a plastic deformatida same amplitude but with an opposite sign. Indeed, it is
the elastic strain variation betwe@nandC that need to be determined. As a result of émry compression model
(see7.3), the stress tensor is completely determine.dt is given by7.16 On the other hand, the stress tensdC &

A
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entirely determined thanks to tledastic spring back modésee7.4). This tensor is given by.30with T, is an output
of elastic spring back modehlculated in the step 3 df4.3.a Using the Hooke’s law.27, the elastic width variation
in the roll-bite can be determined by

BC BC BC
AUW —v (A(Tyy + AUW )

Awiste . = WAeﬁyC =w E (7.46)
Finally, by substitutingg.16and7.30into 7.46we obtain
sty =l 2 (T - ) = 2 (of - of) ] 7.47)
In the particular case where the material behavior is medellithout work-hardening effect
i, = w201 (749

E

7.5.3 Thermal dilatation - temperature variation model
7.5.3.a Assumptions
Assumption of heat generation

Generally in cold rolling, strip is heated in the roll-biteelto the energy dissipated by plastic deformation and
friction between the work-roll and the strip. We assume thase energies are completely transformed into heat and
at the contact the heat generated by friction is shared lgoahe roll and the strip.

Adiabatic thermal process in roll-bite

As areminder, the assumptiomdependent lateral flow assumption 2 - thermal dilatatigiiiencesee?.2.2 jstates
that the thermal dilatation of the strip in the roll-bite irabs plastic deformation of a same amplitude but with an op-
posite sign. That means it is the strip temperature varatiside the roll-bite that is important but not outside the
roll-bite. On the other hand, inside the roll-bite the ongahexchange is due to the contact with the roll. The heat
transfer coefficient between the strip and the roll in coldng condition (with lubrication) is approximated of abiou
htc = 2.10%w/(m*K). However, as the rolling speed is quite high (>6000mm/s)enthie contact length is relatively
small (<20mm)|et assume that the exchanged heat is negligible in compratisthat generated by plastic deformation
and friction.

In order to verify this assumption, consider now ttem3-Tec3simulations with and without heat exchange be-
tween the strip and the roll. The simulations are perfornoedife same rolling conditions given in Taliles. Table
7.6shows the strip temperature variation from the roll-biteeto the exit. The results obtained with or without heat
exchange with the work-roll are very closed for all the fotansls conditions. The adiabatic assumption leads to an
error onAT lower than 1°K which corresponds to an relative error lotian 1% for stand 1, 2 and 4. For stand 4, as
the temperature variation is quite low because of a smaliaaoh in thickness. These simulations conclude, hence in
typical automotive products cold rolling conditions, ttdabatic assumption is valid.

Remark: Unlike cold rolling, in hot rolling conditions (roughing drfinishing mills) the strip should be consid-
ered in isotherm condition. Indeed, the strip temperatw®000°C in roughing mill and about900°C for finishing
mill) is much higher than the that of the roH-80°C), the strip-to-roll transferred heat is important asdally equiv-
alent to the heat generated by plastic deformation anddrictissipation.

A
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With heat exchange | Without heat exchange Error

Stand| Entry T(°K)| Exit T(°K) AT(°K) | Exit T(°K) AT(°K) °K %
1 300.0 400.27 100.27 400.82 100.82 0.55 0|55
2 333.0 439.96 106.96 440.96 107.96 1.00 0/94
3 353.0 447.65 94.65 448.49 95.49 0.84 0)89
4 373.0 375.95 2.95 376.06 3.06 0.11 363

Table 7.6: Results of thermo-mechanicam3-TecZimulations with and without heat exchange between the st
the roll for typical industrial cold rolling conditions inable7.5.

7.5.3.b Simplified thermal model

The rigid-plastic modelR.3) used to estimate the width variation in the roll-bit is, agminder based consists in
searching for the optimum velocity field by minimizing thdliry power. It does not only give an estimation of width
variation along the roll-bite thanks to the velocity fieldtlalso a very good approach of plastic deformation, friction
and tensions powers. Therefore, the strip temperaturati@riin the roll-bite can be determined based on powers
given by the rigid-plastit/BM by considering the assumptions described above:

]def + Cshare]fric

AT =
T Cvolpcp

(7.49)

where];,r is the plastic deformation powely, ;. is the friction power which is shared at a proportigpy,. to the strip
andl — cgp,,y, to the roll. C,; is the volumic flow rate which is equally given by the rigicaptic modelp is density
andC,, is the masse specific heat capacity of the sitigs worth to remind that the plastic deformation powgi; is
actually the sum of two terms, volumetric continuous de&tion power]. and discontinuity of velocity ong,,,. The
first termJ. corresponds to the plastic deformation dissipation thifotige roll-bite area (betweeB and C) and the
second ong,,, refers to the plastic shearing deformation at the entry efitil-bite (area betweeA andB). And v is
a coefficient that we introduce to model the thermal condgidlypicallyy = 1 for automotive cold rolling condition
where we consider that 100% of dissipation transformedhiett and the strip thermal condition is adiabatic>~ 0
for hot rolling where the strip is considered in isothermdition.

Finally, the thermal width dilatation in the roll-bite cae betermined thanks .8 with AT given by7.49 And
the plastic width variation in the roll-bite - between B andsC

plastic
AWy o1 _pite =

AWrigia—plastic — Awff,’ﬁfzite - Aw%‘f{f%lte (7.50)

Remark: The friction in elastic spring back area (betwe&gandD) contributes actually to the strip temperature
variation. However, as the the spring back contact lenBt) (is relatively small in comparison to the total contact
length and as the contact pressure decreases do@att®, the average friction stress is also lower. Furthermore,
the difference of velocity between the strip and the roll iscim smaller than that inside the roll-bite. The friction
dissipation in spring back area is eventually negligibleamparison to that inside the roll-bite and especially ® th
plastic deformation dissipation.

7.6 Summary

Bibliography: Inthe first part of the chapter, a bibliographic study shdves in industrial automotive rolling (flat
and large strip) the elastic and thermal deformations hapeitant impact on the final width variation. However, there
exist very few width variation models that are applicabletfos kind of rolling process. Legrané4] and Counhaye
[23] are the only two existing model in our knowledge. One is baselam3-Tec3and the other on "streamline” finite
difference method. Both requires high computing time. Mog, these models state both that the total width variation
is given by the combination of three terms: edge drop, thecowtraction and elastic spring back (equatiof). The
two studies give important base for the studies of widthatarn in automotive cold rolling process. However, the

A
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explanations are quite general. Indeed, the total widttatian term is not explicitly defined. It may be understood as
the total elasto-plastic width variation for a thermo-&dasplastic model without the thermal term? It may be rafdrr
as the plastic one but in this case the total elastic widtlatian needs to be extracted or not? Moreover, this formula
seems to implicitly suppose that at the entry of the roéBbiThe width variation due to the lateral flow in the roll-bite
seems to be neglected equally?

New width variation formula: These are the motivations to go more in details. This chapi&sents, thus
the new model (see sectigh?) based on some assumptions adequately chosen thanks talgsisonfLam3-Tec3
simulations. The most important are two assumptions omdhfeow: Independent lateral flow assumptions 1 -
elasticity influenceand?2 - thermal dilation influence(see7.2.2.). These assumptions lead to two basic fornulil
for the plastic width variation which is the permanent widtiange.

Simplified model for the roll-bite entry: By assuming a homogeneous stress in thickness and by witigrigon
Mises plastic criteria af\, the stress tensor at this point is entirely determined aehdoy 7.15 Further, theplane
strain deformation between A and B assumptiads to rewrite the plastic width variation formulal1 by another
8.2.2that states that the plastic width variation is only impédig the elastic and thermal deformation betwéeand
C.

Simplified model for the roll-bite exit: is developed based on a slab method, the four assumptiare pirain
deformation withinCD, the friction is negative on this segment, the last pointlagfic deformatiorC coincides to the
lowest point of the work-roll and the vertical stress is ligteelaxed at the last point of contabt This model allows
to approach the stress @tby 7.30with T- determined at the same timeJgs by an iterative algorithn7.4.3 Using
7.15and7.30the elastic width variation withi&C - the second term of the right hand sideBo2.2is obtained by

. ) . 1-2
At = [egtie=C — eglatie=A) o = [ = (Te —ke) + 5 Te| w. (7.51)

Simplified model for the roll-bite: As a reminder, the first term of the right hand side of the équa.2.2
Aw'i8=plastic represents indeed the total width variation of the thertaste-plastic strip betwee andC that is
approximately estimated by the width variation of a rigidgtic one. This term can be, thus determined by the rigid-
plasticUBM developed in the sectidh 3. The boundary conditions (stress tenso} @ndC are given by the roll-bite
entry and exit models instead of entry and exit tensionglhjitimposed. In other words, the roll-bite entry and exit
model do not only allow to estimate the elastic term7kylbut also boundary conditions for the roll-bite model.

Moreover, it should be recalled that th@M is based on an optimization of the rolling power, the pladéforma-
tion and friction dissipation powers are also determinedhiyy model. In addition, for cold rolling processes, as the
contact time is small it is usually reasonable to assumeltieatolled strip is in adiabatic condition under the rollebi
This assumption allows to evaluate the increase of stripézatiure and therefore the thermal width variation term

Awﬁ’;f;l’””’ of the equatior8.2.2 The width variation model is hence completed.

Let call this simplified thermo-elasto-plastic width vaidte model thedUBM-Slab combined model

A
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Chapter 8

The UBM-Slab combined model validation

The previous chapter presents the new width variation mfmiel thermal-elasto-

plastic strip in rolling process which is calledBM-Slab combinedmodel. The

programming of this model is detailed in the first sectionhe present chapter.
The results show a very interesting computing time - less @@5s enabling online
applications including dynamic control. In the second gstta comparison of the
width variation obtained by the UBM-Slab combined modehwibse obtained by
Lam3-Tec3 for the four stands of Florange cold rolling mitlis observed a good
agreement between the two models. The total plastic widthti@ns obtained with

the two models are very closed. Finally, a parametric stusing the UBM-Slab

combined model is done and shows clearly how the width vaniatepends on the
rolling. It is important to highlight that these dependezsire very different for
narrow and large strips. And once more, the results matchyeell the tendencies
observed in industrial data presented by some studiesrexist literature.

Contents

8.1 Simplified model algorithm and programming . . . . . . . . . . ... ... . 164
8.1.1 Algorithm. . . . . . e 164
8.1.2 C++ programming and fast computingtime . . . . . .. ... ... ... 164

8.2 \Validation by comparison withLam3-Tec3 . . . . . . . . . . . . . .. .. 165
8.2.1 \Very good prediction of final plastic width variation . . . . . . ... ... ... ...... 165
8.2.2 The simplified model can be improved? . . . . . .. ... ... ... ... . ... ... 165

8.3 \Validation by comparison with industrial observations. . . . . . . ... ... ... ........ 168
8.3.1 Parametric study for alarge striprolling-Stand 1. . . . . . ... ... ... ....... 168
8.3.2 Parametric study for a narrow striprolling - E16trial . . . . . ... ... ... ...... 169
8.3.3 Summary of parametricstudies . . . . . . . ... 170

8.4 CONCIUSIONS. . . . . . o 171

A

ArcelorMittal  Quang-Tien Ngo - 2015 163



8. The UBM-Slab combined model validation 8.1 Simplified model algorithm and programming

8.1 Simplified model algorithm and programming

8.1.1 Algorithm

As can be noted from the previous sections, the entry corsioreas well as the exit elastic spring back models are
completely independent from each other and from the réd-bine. They are calculated first. In contrast, the roll-bite
model, betwee andC, has actually limits conditions which are outputs of the tieer models. Indeed, following
the simplified entry model the longitudinal stres®at always equal to the entry tensi@pnthanks to the fact that the
strip is deformed before the contact. Otherwise, this steas be different froni,. And at the exit, the tension &t,
an output of the exit elastic spring back modglis an input for both roll-bite total width variation modeidid-plastic
UBM ) and roll-bite elastic width variation one. The algorithirttee whole model is therefore illustrated in Figid
as follows:

Entry compression model
Section 7.3

ApPlastic oA g”

entry 22 >

Exit spring back model Roll-bite model - Section 7.5
Section 7.4 :
9| L1 fh | 1. Elastic model (7.5.2)  AwS™e
. Initiation o | .
< Width model
| 2. Calculate 5fi,g‘f,,7"(<,xD| e, T, 2. Rigid-plastic UBM with Aw/&“ 7/ N Section 7.2
— algorithm givenin 5.3.5.a  J,.,J 4, )
de c platic
D - AWtuml > wauml
3. Calculate 0, by Finite

Difference Method Jd f.,Jf.
¢ fric

No 0 | 3. Thermal model (7.5.3) AT, Aw™"™!

Yes

elastic C D
‘AW heyxp,0 .0 ‘

exit

Figure 8.1: Algorithm of the simplified model for width vati@n of a thermal-elasto-plastic strip in cold rolling.

The entry model is simple and the plastic width variatjnnf,i‘;f;ic is calculated directly using.19 Concerning

the elastic spring back model, the algorithm is describethénsection7.4.3 The determination ok is done by
Newton method where the target function is the differendevben the longitudinal stress Btand the exit tension
oD, — Ty = 0. We obtain finallyic, Tc, Awg;ﬁ”c and evolution of stress fields through@D. As for the roll-bite, the
elastic model is simple. The roll-bite elastic width vaibatAw%‘}lSt_izite is resulted fromZTB andgC outputs of the entry
compression and elastic spring back models respectivédg. rifid-plasticUBM for the total width variation in the
roll-bite is feed by~ andT given by elastic spring back model as inputs insteaekaindT;. Some outputs dBM

model,J4.r and]y,;c are used by the thermal model to determine the temperatuegiva AT and the thermal width

variationAw!"e™malFinally, all the width variation terms in entry, roll-bigad exit obtained by these models becomes

inputs of the width model presented in the secfiodto determine the total and plastic width variatiok®;,;,; and

plastic
A total

8.1.2 C++ programming and fast computing time

The model is entirely programmed in C++. Most of the modekcdbed above such as entry compression, roll-
bite elastic, thermal models are analytical and requiracealmost no calculation time. The exit elastic spring back
contain iterative calculation but the convergence is olgidigenerally after 2 or 3 iterations. It is also very fastsle
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than1.10~3s. The roll-biteUBM require obviously a computing time the most important duthtocalculation of
powers and iterative calculation to minimize the rollingygs. Indeed, thanks to the fact that the calculation of all
power functions are obtained analytically (see sechidd. In addition, using Gauss's method to approximate some
integrals as the 2D integral of deformation power and theritBgral of friction power, help to reduce effectively the
number of points where the integrated functions need to lmeileded. Moreover, the rolling power optimization by
Newton-Raphson algorithm requires few iterations, gdhe2dor very large strip (as the width variation is small and
easy to be found) and 3 or 4 for narrow one. The computing texfmally very fast. The total computing time for
Florange 4-stand mill conditions varies from 0.01s to 0@FRU: Intel Core 15-4200M, 250GHz). Tab#el shows in
details the results obtained by the UBM-Slab combined sfiegimodel for the 4 stands of Florange cold rolling mill
conditions given in Tabl&.5.

Parameter Unif Standl Stand2 Stand3  Stand 4 El6
Taef + Cshare] fric w | 1115370 1190020 1058860 37426 6594
AT °C| 1021  109.3 96.9 3.6 144.8
X mm | -2.2081 -0.4738 -0.3350 -0.1320 -1.60f6
he mm | 0.83488 0.50244 0.33075 0.32502 0.43414
Tc Mpa | 138.29  137.95 184.32 -3553  -21.20
xXp mm | 0.9408  0.7480  0.6740 0.7602  0.8828
L mm | 17.438  13.180  10.192  1.889  9.37p
Awf,i‘;j;’c mm | 0.2329  0.0649  0.0949  0.0233  0.0260
Awastic mm | 0.0973 -0.0134 0.0316 -0.2616 -0.0084
Aw%”li“c = AwPF mm | 0.0529 0.0733 0.0272 0.4187 0.0294
Awpermo— el | 0,0675  0.0782  0.0296  0.4191  0.1410
Agprigid—plastic mm| 0.0146 0.0049  0.0024 0.0004 0.1116
Awefastic mm | -0.1356 -0.0783 -0.0633 -0.2848 -0.02p4
Awpthermal mm | 07171 0.7676  0.6799  0.0254  0.0523
Aw! e mm | -0.5668 -0.6844 -0.6142 0.2598  0.0887
Computing Time ms| 30 20 20 10 30

Table 8.1: Results obtained by the simplified model - Arddittal Florange 4-stand cold rolling mill.

8.2 Validation by comparison with Lam3-Tec3

8.2.1 Very good prediction of final plastic width variation

Figure8.2 gives the profile of elastic, thermal, plastic and total Widariation obtained witth.am3-TecFor the
four stands. For first three stands the total (thermo-elplststic) width variation is relatively small while the timeal
one is important. That leads finally to a large negative mastdth variation (width necking). The stand 4 with
particular working conditions (very low reduction) is anception. The plastic deformation is positive meaning a
width spread. All these width variations due to elasticritia, plastic and total deformations are summed up in Table
8.2in comparison with those obtained by the simplified modedat be seen very good agreement betwean3-Tec3
and the simplified model regarding all these width variagitarms. As the plastic one is the real final width variation
of the strip, let take a look on a comparison of this term betwteam3-TecZnd the simplified model through graphic
8.3 The four points of the graphic corresponding to four stearésalmost perfectly on the bisector line.

8.2.2 The simplified model can be improved?
Let remind the formula allowing to estimate the plastic \widariation as
A plastic _ Awrigidfplastic _ Awi{acstic _ Awthermal

total total

A
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Figure 8.2: Width variations profiles due to elastic, thdrmkastic and total deformations obtained lbgm3-Tec3Jor
the four stands of ArcelorMittal Florange mill.
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Plastic width variation predicted by Lam3-Tec3

Figure 8.3: Width variation predicted by simplified modebafsinction of that predicted hiyam3-Tec3or the 4 stands
of Florange cold rolling mill (see data in Tableb.

which is valid when the assumptiotrsdependent lateral flow assumptions 1 &see7.2.2.) andPlane strain de-

formation between A and &e verified. In this formula, the three termyaisid—plastic  Agelastic and Agpthermal gre,
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8.2 Validation by comparison witham3-Tec3

Elastic Thermal Plastic Total
Lam3 New Model| Lam3 New Mode Lam3 New Model Lam3 New Model
Stand 1| -0.0820 -0.0827 0.7083 0.7171 -0.5271 -0.5668 0.098 0.0675
Stand 2| -0.0040 -0.0050 0.7585 0.7676 -0.6402 -0.6844 0.114 0.0782
Stand 3| -0.0350 -0.0361 0.6706 0.6799 -0.5815 -0.6142 0.054 0.0296
Stand 4| 0.1349 0.1339 0.0233 0.0254 0.2337 0.2598 0.3919 19D.4

Table 8.2: Comparison of elastic, thermal, plastic and teidth variations obtained biyam3-Tec3and the simplified
model - ArcelorMittal Florange 4-stand cold rolling mill.

indeed estimations of the total, elastic and thermal wicttiations of the strip betweeh andC, respectively.

It can be, nevertheless rewritten as

Awplastic _ Awrigid—plustic

total

thermal

elastic elastic
T AW = AW — AWy

which shows that there are four sources of error in the catiicn of plastic width variation of the simplified model:

1. the total width variation between AC estimated by rigldstic oneAw 81— plastic
2. the elastic width variation #& (compared to the initial width dj
3. the elastic width variation & (compared to the initial width d)
4. the thermal width variationw!"*""! (indeed depends on the accuracy of plastic and friction pe\e
Awhe M A Buwfter

Lam3 Model Err Lam3 Model Err Lam3 Model Err Lam3 Model Err
Stand 1| 0.095 0.015 -0.080| -0.069 0.000 0.069| -0.158 -0.136 0.0221 0.708 0.717 0.009
Stand 2| 0.058 0.005 -0.053| -0.025 0.000 0.025 -0.088 -0.078 0.010 0.759 0.768 0.009
Stand 3| 0.044 0.002 -0.041| -0.023 0.000 0.023 -0.070 -0.063 0.006 0.671 0.680 0.009
Stand4| 0.009 0.000 -0.008 0.015 0.000 -0.015 -0.238 -0.285047| 0.023 0.025 0.00%

Table 8.3: Comparison of elastic, thermal and total widthateons betweerAC obtained byLam3-Tec3and the

simplified model - ArcelorMittal Florange 4-stand cold g mill.

Table8.3shows a comparison of the four mentioned terms betweenrtidifed model and.am3-Tec3 It can be
observed that the thermal width variation is quit well estied by the new model meaning that the rigid-plalstgM
is good enough to approximate the plastic and friction destgdbn powers. The width & (or Awﬁ’gsm) estimated by
the new model is generally similar team3-Tec3xcept for the stand 4 because with very small reductiorl tbee
slab assumption is not well verified. The elastic spring backlel is, hence relatively accurate when the reduction is
important enough (as stands 1, 2 and 3 for example). The mpstriant error comes from the total width variation
betweenAC, estimated by rigid-plastit/BM model. This model gives always underestimated value in eoisgn
with Lam3-Tec3

As conclusion although the strip plastic width variation predicted by gimplified model is in a very good agreement
with Lam3-Tec3 there exist some further potential impramis1 The entry compression model can be improved by
better estimating the stress @t The elastic spring back model is good when the reductiosl isvhigh enough. The
rigid-plastic model provides an accurate prediction ofgifigtion powers and therefore of thermal width variatiomt B
it underestimates the total width variation in the roll-it
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8.3 Validation by comparison with industrial observations

8.3.1 Parametric study for a large strip rolling - Stand 1

In this section the new model will be used to evaluate efféeach rolling parameter on the width variation for
an industrial rolling condition in order to compare to thesetvations already presented in literature (see the sectio
7.1.9. These previous studies are done on the total width varidtom the entry to exit of tandem mill, meaning
through 4 or 5 stands. The reason is that nowadays to inst@akjood industrial condition the strip width measurement
devise between the stands is impossible. Therefore, olysamaonsisting in studying how width variation depends
on each rolling parameter will be only interpreted reldtivaut the absolute value of width is an objective.

We choose to study the stand 1 conditions (given in Téldebecause the stands 2 and 3 are with very low friction
(the forward slip is already close to 0 and the neutral paistased to the lowest poift). By consequence, when one
of some other inputs varies the neutral point can go out ofdtéite and there is no equilibrium solution. The model
does not converge.

8.3.1.a Effect of tensions

Figures8.4 and 8.5 show the that width variation predicted by the simplified mlodecreases when one of both
entry and exit tensions goes ufhis tendency matches well the observation on industritd geesented ir7.1.2.c

Discussions: At first, that seem obvious that the entry and exit tensionsalémpact significantly the dissipation
power which depends essentially on the strip yield stredstamreduction. That is why the thermal width variation is
almost unchanged with a variation of tensions. Moreovethasigid-plastidJBM width variation is negligible{ 0)
because the strip is very large, it is almost independentlompaut parameters (except the strip width). According to
the formula of the plastic width variatio®.2.2the only term that changes as a function of entry and exiidends
Awi{“csfic. The equatiory.51implies that wherT, increases the\w‘;{”g”‘f increases and leads to a decrease of plastic
width variation. WheIT; increasesT - grows and therefore thei”g”c increases equally and the plastic width variation
drops down. Ad — 2v > v, the exit tension seems to have more important impact on ithig whan the entry one.

8.3.1.b Effect of reduction

It can be seen from th@.6 that the effect of reduction (for a same entry thickness)hawtidth variation is very
important: the more reduction the more necking. The ridasfic width variation (representing total width variatimo
the roll-bite is always null approximately and the elastidtiv variation betwee andC is quit constant that can be
explained by the equatioh51 And itis the thermal width variation that changes shapéti1 an increase in reduction
because the plastic deformation as well as the friction pswnerease as a function of the reduction.

8.3.1.c Effect of nominal strip width

Unlike the others graphic, tt&27 shows that the rigid-plastic width variation term changésmthe nominal width

varies. This termAw’ 8" P " is important and even dominant against thermal and elastiogAw!¢" ™! and

Awi{”g“c when the width is small.<50mm or the total widtt2w,<100mm). This terms decreases drastically and
becomes negligible as the half width is higher than al360tnm. That is why for the width ofv, = 585mm of the
Stand 1, this term is always almost nullified.

For automotive industrial rolling, the strip width variesiin about 800mm to over 2000mm, meaning-400mm.
For this range of width, the rigid-plastic term is closed0tand the thermal term increases while the elastic term
decreases as linear functions of the width. In this casédyeathermal increases faster than the elastic term decreases
the plastic width decreases meaning more necking. Neveshean an other case (small reduction for example) it is
possible that the thermal term is smaller than the elasgdroabsolute value, the plastic width variation is then {pasi
and it would increases with an increase in the nominal withisTendency is perfectly coherent with the industrial
observations presented in the secffoh.2.e
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8.3.1.d Effect of strip yield stress and friction coefficieh

According to the equatioii.51, when the yield stress increases the elastic tAw@{’g“C decreases linearly. That
is also showed in Figur8.8. In addition, as both plastic and friction dissipation pesvare proportional to the strip
yield stress the thermal width variation term grows alsedirly as a function of the yield stress. In the stand 1 rolling
condition, as the rigid-plastic width variation is neghitgf and the thermal term is more important than the elastg on
the plastic width variation is negative and decreases (mecking) for harder material. This dependence of the width
variation on the yield stress is, however opposite to thasirihl data observation presented in the sectidn?.f

As can be seen from tl&9that the friction has similar but less important influencabthe width variations terms
as the yield stress. Firstly, the thermal terms increasesuse the friction power increases almost linearly in tiodidn
coefficient. However as the plastic dissipation is unchdngdike the case when the yield stress varies, the impact of
friction coefficient on the thermal term is thus weaker. ety it is important to mention that the simulations are
done by varying not only the Tresca friction coefficien in the roll-bite but also the Coulomb friction in the elastic
spring back area which is changed proportionally to the Tresca one. As thiedifice of longitudinal stress between
C andD is proportional to the contact friction stress on this segtyiee Ts — T increases with an increasesyinBy
consequence, the tensidp decreases a function of friction coefficient and that leémkwing 7.51, to a decrease of
the elastic width variation term. Once more, as showed inf€i§.9the increase of the thermal term is more important
than the decrease of the elastic one, the plastic widthti@midecreases in incurring more necking.

8.3.1.e Effect of strip thickness and work-roll diameter

Figures8.10and8.11shows that the entry and work-roll diameter have very smafldact on the width variation.
For classic automotive rolling mills, the work-roll dianeetcan vary between about 400mm to 600mm. In this range
of variation, the work-roll diameter has negligible infleeon the width variation.

Similarly for the strip thickness, for automotive rollingmdition the strip entry thickness of one stand can vary
from about 0.4mm (at last or before last stands) to 6mm (atdgtend), meaning, varies from 0.2mm to 3mm.
The impact of entry thickness is also negligible. This casin matches well what was observed by industrial data
analyses (see sectignl.2.). However, it can be seen in FigugelOthere is an increase of the width necking when
the strip thickness decreases down to 0.2mm. This rangeipftkickness correspond to that of packaging rolling
mills last stands where the half strip thickness can be daneds than 0.09mm. In this condition, the lower the
strip thickness, the more and more important the ratio ab@@a over roll-bite volume. By consequence the friction
dissipation power may become more and more important in eoisgn to the plastic one and may lead to an increase
in thermal width variation. The strip necking could be sfagraintly more for thin and very thin strips.

8.3.2 Parametric study for a narrow strip rolling - E16 trial

This subsection presents a similar parametric study of fdéhwariation using the simplified model but a narrow
strip. The rolling conditions are those of the trial E16 dameArcelorMittal pilot mill with a strip of 60.2mm wide
(see all parameters in Tab®2). The results of the UBM-Slab combined model for this cagepaesented in Table
8.1 Unlike the industrial strip rolling, for E16 pilot rollingial the rigid-plastic width variationz"i8%—plastic —
0.1116mm is not negligible and even more important than the elastittharmal term&wﬂ‘gtic = —0.0294mm and

PIESHC _ 0.0887mm, i.e the strip

Awthermal — 0.0523mm. The final plastic width variation is, in this case positive’, ™

—total
is widened.

8.3.2.a Effect of different parameters on width variation -narrow strip

Figures numbered fror@.12to 8.19 present effect of different parameters on the plastic widttiation for this
pilot trial rolling condition. The results are summed up ngarison to those for industrial rolling conditions as
follows:
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Similar tensions effectmeaning the the width variation decreases with an incraasa#ry or exit tensions. In
this case of narrow strip, in addition to the fact that thesttatermAw 4 celastic increases, the rigid-plastic one
Aw'i8id—plastic dacreases as a function of tensions amplifying the decr#abe plastic width variation.

Figure 8.14 shows that, like for Stand 1 condition, the thermal widthiatiwn term increases rapidly as the

reduction grows while elastic term is remained constantvéi@r, for a narrow strip the rigid-plastic term is no

longer negligible and increases even more shapely as ddaraftreduction leading to an increase of the plastic
width variation. The effect of reduction is therefore oppositgi.e width variation grows up while it decreases

in the case of large strip). As the width variation is positfer narrow strip and negative for large strip, the
reductionamplify the width variation value in both cases.

Same nominal width effect Despite of the difference in reduction, thickness, temsio the effect of nominal
width on the plastic width variation in the case of E16 (Fe@irl5 is very similar to the case of Stand 1 (Figure

8.7).

Same as the case of large strip, an increase in yield straasfriction coefficient make grow up the thermal
width variation term (because of an increase in dissipgtiower) and diminish the elastic one (see equation
7.51). But as the increase of thermal term is equivalent to theedse of the elastic one and the rigid-plastic
term is not sensible as a function of yield stress and frictioefficientthe plastic width variation is almost
unchanged as a function of yield stress or friction Whilst for large strip, the thermal term is more important
than the elastic one, the plastic width variation decrewastiisan increase in yield stress or friction coefficient.

More important effect of strip thickness and roll diameter. Indeed, similar to the case of large strip both
thermal and elastic width variation terms are almost caristdnen the strip thickness (for a same reduction
level) or roll-diameter vary. But contrary to the case ofjlastrip where the rigid-plastic term is not negligible
any more and increases as a function of strip thickness didiameter. That lead to an increase of the plastic

width variation as a function of these two parameters.

8.3.3 Summary of parametric studies

Industrial observationd4] UBM-Slab model
Parameter Nomenclatune Large strip Large strip (stand 1) Narrow strip (E16)
Tendency Impact Tendency  Impac Tendency Impact
Nominal width w | |Aw| high ¢ high Y high
Reduction red Ny high ¢ high Ve high
Entry thickness he Ve low — negligible Ve high
Strip yield stress 0o e Ny average e low
Entry & exit tensions T, T Ny average Ny average Ny low
Work-roll radius R Ve low — negligible Ve high
Friction coefficient u&m Ny low Ny low
Bending B Ny average
Friction anisotropy ay Ny average

Table 8.4: Comparison of parametric studies using the UBM8Sombined model and bibliographic review on the
influence of rolling parameters on strip width variationuvrotcases: large and narrow strips.

Table8.4sums up the existing industrial experiments and statlstisservations about effect of rolling parameters
on the width variation (see more details in the previous t#rap.1.2 as well as the results of parametric studies using
the new simplified model for two rolling cases with a large andarrow strip. The dependence of width variation
on rolling parameters obtained by the UBM-Slab combined ehaglin a very good agreement with that observed
statistically on industrial data. For narrow strip, thegtia width variation is positive (widening) and the effeofs
rolling parameters on the plastic width variation are reddy different. Therefore, the influence of rolling paraters

on the width variation
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8.4 Conclusions

Fast computing time enables online applications: As the model for roll-bite entry is completely analyticaldan
the exit one is quasi-analytical requiring only one compataloop when searchinf- (see the algorithm in section
7.4.3.3 the computing time of these models are very small (less #hanillisecond programmed in C++ code). The
main time consuming factor is related to the roll-bite madhbich is indeed the rigid-plastioBM . Nevertheless, as
the powers computation is developed analytically as fat aan be (see sectidh 3.4 and the integrals in powers
function are computed numerically using Gauss'’s methaalfittal computing time (in C++) is less than 0.05s. That
enables online applications such as preset and dynamimtofthe width.

Good prediction of plastic width variation: The comparison of the plastic width variation obtained bg th
UBM-Slab combined model with that obtained bgm3-TecFor the four stands of Florange cold rolling mill shows
a good agreement between the two models. The differencasfiplidth variations between the two models is less
than 6% of for stands 1, 2 and 3 about 10% for the last standctwdrily makes very small reduction in strip thickness).

Good prediction of influence of rolling parameter on width variation: Parametric study is done using the
UBM-Slab combined model for two rolling conditions, one kviarge strip (stand 1 condition) and the other with
narrow strip (pilot trial E16 condition). The model is abtegredict clearly how the width variation depends on the
rolling in each case. In the case of industrial conditiomarfet1) with large strip, except the yield stress effect, the
results match really well the tendencies observed in in@dlistata presented by some studies existing in literatire.
is interesting to highlight that these dependencies angdifferent for narrow and large strips.

Moreover, as the UBM-Slab combined model is able to explaéncontribution of each phenomena involved into
the plastic width variation (see formufa2.2: the total width variation in the roll-bite, the elasticdth variation
between the first and last points of plastic deformafioandC. It allows to understand how and how much each of
these three terms varies as function of each rolling pammet

Key improvement of the model is to take into account influenceof flatness: The limit of the UBM-Slab
combined model is that it considers only a straight (noned@h) work-roll. The flatness of the strip is by consequence
not considered. Whilst, the literature highlighted that flatness (strip thickness profile) has important influence o
the strip width variation. This is also confirmed by the stofig crown strip byUBM in the chapteb. It is necessary
to remind that the UBM-Slab combined model is valid when tilérrg condition allows to obtain good strip flatness.
In industrial reality, this condition that is desired but atways obtained. Hence, taking into account this phen@men
is a future improvement of the model open a very high poteagianing largely the application domain of the model.
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Figure 8.5: Effect ofl; on Aw - Stand 1 condition.
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Figure 8.7: Effect ofv, on Aw - Stand 1 condition.
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Figure 8.11: Effect o2R on Aw - Stand 1 condition.
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Figure 8.15: Effect ofv, on Aw - narrow strip (E16).
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Chapter 9

General conclusions and perspectives

9.1 Conclusions

The development of predictive width variation model for automotive cold rolling is achieved

In the current industrial context where the width variatiorcold rolling is important but not predicted, the main
objective of the present thesis is to develop a predictivdtiwiariation model for automotive cold rolling process.
Such a model need to be accurate and rapid to be used inmembptiocess control. For bar rolling process, the
width variation topic has been studied largely and an ingrdrbumber of developed models were basedBM ,
UBM as well as empirical methods. ThHBM provides a good comprise between the accuracy and compiutting
Nevertheless, in automotive rolling condition, the steparge and the elastic width variation is no longer neglegib
This elastic deformation is reversible but it has imporiergact on the plastic one. Moreover, due to the friction and
plastic deformation powers the strip is heated up signifigatt is, therefore dilated in the width direction but itrcaot
because of the contact friction with the roll. That creat®pression plastic deformation - called thermal contoacti
The modelling of width variation becomes more complicated eequires thermo-mechanical understanding. In this
domain, there exist very few models. They are basedBM and stream line&DM and by consequence have
important computing time.

We have, in the present thesis, carried out a deep analysisllmLam3-Tec3simulations and brought out all
the phenomena involved in the width variation. Since thdyaig the most important simplifying assumptions have
been found. According to these assumptions, the elastarmetion as well as the thermal dilatation of the strip in
the roll-bite create a plastic deformation of a same amgditout with an opposite sign. In other words, the total width
variation in the roll-bite of a thermo-elasto-plastic gtis the same as that of a rigid-plastic one. By consequenee, w
proposed a formula that computes the plastic width vana®a combination of three terms: the total width variation
in the roll-bite, the elastic and thermal width variatiomtveeen the first and last points of plastic deformation. teor
to determine these three terms, we developed simplified I éalethe entry, exit and inside the roll-bite.

The simplified models for the entry and exit of the roll-bite dased on the assumption of a homogeneous stress
and deformation across the strip thickness (slab methduy §ive approximations of the stress solution before and
after the roll-bite allowing to determine the elastic widtriation term between the first and the last points of the
plastic deformation zone. As for the roll-bite model, itletrigid-plastidcUBM with 3D "simple" velocity field. The
boundary conditions (longitudinal stress tensor) at thiehite entry and exit are given by the roll-bite entry andtex
models instead of entry and exit tensions initially impaskdaddition, as the model allows to determine the plastic
deformation and friction dissipation powers, the increas&trip temperature and the thermal width variation term ca
be computed. The simplified width variation model is thus ptated and called theBM-Slab combined model

A comparison has been performed and showed a very good agné&etween the UBM-Slab combined model
andLam3-Tec3 The difference of the total plastic width variations obtad with the two models is less than 6% for
a stand that does relatively high reduction and 10% for adstéth very small reduction. The UBM-Slab combined
model allows predicting the influence of rolling parametemsthe final width variation and the results match really
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well the tendencies observed in industrial data presengesbne studies existing in the literature. Furthermore, as
the model for roll-bite entry is completely analytical ame texit one is quasi-analytical, the main computing time is
related to the roll-bite model - the rigid-plastitBM . Thanks to the analytical development of the powers contiouta
the total computing time of the width variation model (in Q+s-less than 0.05s (CPU: Intel Core 15-4200M, 250GHz)
enabling online applications such as preset or dynamiaabnt

The UBM is always efficient method to develop rapid model for rollingprocess

TheUBM formulated by P1] have been for a very long period a method that was largelg tesebtain approximate
solutions strip drawing, extrusion, forging, rolling, diag, cutting processes. Indeed, the method require to pre-
assume a velocity field pattern (family) that can be desdrthanks to a certain number of parameters which are as
well the unknowns of the optimization problem. In companiso FEM where the number of unknowns depends in
the freedom degree and number of elements which is usuatlyingortant, theUBM is thus advantageous. The
quality of theUBM results depends, therefore strongly on the choice and thetretion of velocity fields. During
the second haft of 20th century, there were studied mang bigdies motion velocity fields such as unitriangular and
multitriangular. Several other continuous velocity fields/e been as well proposed as the "eccentric”, elliptical or
"simple" and circular ones. But indeed, all these mentiamdinuous velocity fields are closed each from the other.
That makes an impression that despite the existence ofstatted mathematical methods (Dual Stream Function...)
for constructing kinematically admissible velocity fieldtds still difficult to go further than the simple velocityefid to
describe more deeply the mechanical fields in rolling precievertheless, throughout the thesis we proved that the
UBM remains powerful to approach the rolling process if we basedFEM to better understand the velocity field
behavior.

The first example is the 2D oscillation velocity field thatoals to take into account the heterogeneity of the
velocity, strain rate fields across the strip thickness, mala very little investigated. We presented a method for
constructing kinematically admissible velocity fields éaon the DSF method where any kinematically admissible
velocity field is expressed as a sum of the "simple" (or et} one and an additional term. By observing that the
equations of kinematically admissible conditions of theitidnal term are closely similar to the wave propagation
ones, we proposed a new family of "oscillating" velocitydiel And theUBM using this new velocity family results
to an optimum velocity that oscillates spatially throughthe roll-bite with pseudo-period equal to the local strip
thickness. The rolling power obtained is smaller than the with the "simple" (elliptical) velocity field. The results
of this model match very well those obtained bgm3-Tec3n terms of velocity field, plastic deformation zone and
flow lines. As a result of th&JBM model as well atam3-Tec3 the mechanical fields heterogeneity is non-linear,
quasi-sinusoidal across the strip thickness.

The second example illustrating the interest of tH&M for rapid approach of rolling is the 3D width variation
model for a crown strip. We developed a n&iBM approach for cold rolling where the strip initial thickndsas
non-constant profile while the work-roll is considered digind perfectly cylindric. As the geometry of the strip is
more complex than the case of flat strip rolling, the roll bételivided into three areas in which the velocity field is
different. As a result, the model shows that the width vasratiecreases with an increase in the strip initial crown and
theUBM results match very well those obtained withm3-Tec3

9.2 Perspectives

Industrial applications

Having now a rapid model of width variation, it is possiblesgaply it to predefine the necessary width at the entry
of the cold rolling mills that would give the customer dedimdth at the exit - specification. The only necessary thing
is to build a good database which requires two width measenésrat the entry and the exit of the concerned tandem
mill. In addition, the temperature and the tension need tmbasured the same places (as closed as possible to the
width measurement places) allowing to quantify the readtptavidth variation of the strip. The off-line and online
collection of data database will allow to tune and correotit@ adaptation) the model in order to get and keep a good
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predictive performance during time. An analysis of the eafdhe predictive model needs to be done to define a over-
width strategy that ensure the minimum total over-cost dumver-width for the most of cases and the under-width for
the few remaining cases.

Furthermore, as a result the model is fast enough to be usedlioe control. Nevertheless many works need ac-
complishing. The choice of control parameters require®nbt an analysis of the efficiency of all process parameters
(similar to the parametric study done in the seci#8 as well as an analysis of all industrial constrains coniogrn
each parameter. The control strategy should also be sait@alalll other existing controls.

Other proposals of velocity fields for SDUBM analysis®

Polynomial velocity fields family: The new method for construction the kinematically admissiielocity fields
presented in the sectigh2 opens actually divers solutions of kinematically admiksilelocity fields for rolling. In
addition to the oscillating velocity field, another familgfhibeen introduced in the secti®2.2- the polynomial one.
This velocity family would allow especially to have highérig speed on the contact before the neutral point and lower
strip speed on the contact afterward. That would reduceritioh power and may lead to interesting results in term
of rolling power optimization.

Perturbation of velocity field around the neutral point:  The neutral point is the point where the contact shear
stress (friction stress) is discontinuous which shoul@tera discontinuity the strain rate. All the previous comtias
velocity fields (eccentric, simple-elliptical and osdiitey) are not able to model this phenomenon. In order to model
that, it is necessary to separate the roll-bite into two @ueigh a discontinuity surface at the neutral point. On the
other hand, it was observed that tiBM under-estimates the forward slip in comparison wi#m3-Tecalthough the
neutral point obtained byYBM is quite closed tt.am3-Tec3 Inversely, the unitriangular over-estimate it. This fisct
not a random and can be explained by the existing of a neutra zsticking area (but not a point).

The oscillating velocity with advantage of low deformatjmower and the multitriangular with advantage of neutral
zone modeling can be combined together to create the new Bine.idea is to model the neutral zone as a rigid
curvilinear triangular. This triangular rotates around thork-roll center with a same angular velocity. Before and
after this neutral zone the velocity is modelled by the twoiltating ones. This idea is described in Figdr85

3D UBM with deformed work-roll:  Similarly to theUBM model approaching the width variation for the crown
strip with the straight work-roll, it is possible to develapother one for a rectangular strip and crown work-rolls.
When the work-roll crown is positivé.e the center diameter is more important than the work-rolketite strip center
is, same as the case with positive strip crown and straidglhimaontact with the work-roll before the strip edges. The
geometry problem would be treated in a resembling way.

1See more details in secti@h6.2
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9. General conclusions and perspectives 9.2 Perspectives
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Appendix A

Numerical Gauss-Legendre integration
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A.1 Principle

A.1.1 2-point Gaussian Quadrature Rule

The integration of 1-variable function is defined as the eteation the area under a curve as showed in the figure
A.1 symbolised by

I= /hf(x) dx (A1)

wheref(x) is integrandg andb are the lower and upper limits of integration. The two-p@aiuss Quadrature Rule
is an extension an approximation where the arguments oithaibn are not predetermined but as unknownpand
X, and the integral is approximated as

= /uhf(x) dx ~ c1f(x1) + o f (x2). (A.2)

The four unknownsy, x», c; andc, are found by assuming that the formula gives exact resultatiegrating a general
third order polynomial
f(x) = ag +arx + apx® + azx® (A.3)

of which the integral is

I:/abf(x)dx:zzo(b—a)—!—al (bzg”2> +a, <b3;“3> tas (b4;”4). (A.4)

On the other hand, the Gauss'’s integration is

I= C1f(X1) + sz(Xz)
= c1(ag + a1x1 + axx} + a3x]) + ca(ag + arxp + x5 + azx;) (A.5)

=ap(c1 +c2) + a1 (c1x1 + c2x2) + ap (clx% + czxg) + a3 (clx% + czx3) )
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A. Numerical Gauss-Legendre integration A.1 Principle

y -j‘f(x)dx

AN

f(x)

a b X

Figure A.1: Definition of integration of 1-variable functidroma to b.

So that the two previous expressions are equal for any arpitonstants, a1, a, andas the following conditions
need be verified:

c1+c=b—a
b2_a2
61X1+C2X2: 5
5 , BB —d (A.6)
C1X] + x5 = 3
bt — gt
clxi’—i—czx%: i
Then
c b—a
1=
c _b—a
27
o _bta_ 1b-a (A7)
1= B2
b+a 1 b—a
Xy = > +% >

A.1.2 Higher-point Gaussian Quadrature Rule

Similarly, the 3-point Gaussian Quadrature Rule is defined b

= /abf(x) dx =~ c1f(x1) + caf (x2) + caf(x3). (A.8)

The coefficients, ¢y, andcs, and the functional arguments, x,, andxs are calculated by assuming the formula
gives exact expressions for integrating a fifth order potyiad

f(x) = ag+ arx + axx® + a3x® + agx* + asx’. (A.9)

And the general n-point rules would approximate the intelgya

n

I= /abf(x) dy ~ Y cif(x;) (A.10)

i=1

A
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A. Numerical Gauss-Legendre integration A.2 Applications

which gives exact expressions for integrating any— 1-order polynomial.

A.1.3 Values arguments and weighing factors for n-point Gassian Rule

The tableA.1 gives the coefficients and arguments given for n-point (witB, 3, 4, 5, 6) Gauss Quadrature Rule
given for integrald = fﬂbjil.

Points | Weighting factors| Function arguments

5 =1 x; = —0.577350269
=1 xp = 0.577350269
1 = 0.555555556 | x; = —0.774596669
3 cy = 0.888888889 | xo =0
c3 = 0555555556 | x5 = 0.774596669
1 = 0.347854845 | x; = —0.861136312
4 ¢y = 0.652145155 | x, = —0.339981044

3 = 0.652145155 | x5 = 0.339981044

cq = 0.347854845 | x; = 0.861136312

1 = 0.236926885 | x; = —0.906179846
¢y = 0.478628670 | x, = —0.538469310
5 3 = 0.568888889 | x3 = 0

¢y = 0.478628670 | x4 = 0.538469310

o5 = 0.236926885 | x5 = 0.906179846

¢, = 0.171324492 | x; = —0.932469514
¢ = 0.360761573 | x, = —0.661209386
3 = 0.467913935 | x5 = —0.2386191860

cq = 0.467913935
c5 = 0.360761573
ce = 0.171324492

x4 = 0.2386191860
x5 = 0.661209386
x¢ = 0.932469514

Table A.1: Values of the coefficients and arguments for 2¥p8kpoint, 4-point, 5-point and 6-point Gauss Quadrature
Rules.

A.2 Applications

Gauss-Legendre integration formulas are extremely atetoapproximate the integrals. They are usually recom-
mended when many integrals of a similar nature are to be atedu In this case, we can proceed as follows. Pick a
few representative integrals, including some with the wbehavior that is likely to occur. Determine the number of
sample points\N that is needed to obtain the required accuracy. Then fix thiewd, and use the Gauss-Legendre rule
with N sample points for all the integrals.

There will be appeared in this thesis many integrals of aageftinction on arbitrary bounds:

h= [ f) (11)
Xmin

while the weighting factors and function arguments of Gdiesgendre rule are defined for interval of integration

[—1,1]. We need a variable change for each such integral. In ordsimplify the utilization of Gauss-Legendre

integration in usual problems, we introduce an operatootmﬂGaussf’D (f, Xmins Xmax, Neje) i N-point Gauss in-

tegration of a functiorf on the intervalx,,;,, xmax] divided inton elements on which the integral is approximated

by N-point Gauss integration. The size of each elementis= x’””’;l;lf”““ Thei!" elements is between two nodes

A
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A. Numerical Gauss-Legendre integration A.2 Applications

xode = x,i, + (i — 1) Ax andx?°% = x,,;, + iAx. The operatof GaussN, (f, Xmin, Xmax, ner) is defined by:

nele
1Gaussyy (f, Xmins Xmax, Nele) = Z Zw]f Xij)

G+
2

(A.12)

wherex;; = x%¢ + Ax

An other application needed in this thesis is the 2D integral area where the bound of the second variable can
depend on the first one. We are interested in the followinggirsl of a functiory on the area delimited by = x,,;;,,

X = Xmax, Y = ymin(x) andy = ymux(x):
12 _ /Xnmx /ymax f(x, y) dy dr. (A13)
X

min min

We introduce an operathaussw(f Xmins Xmaxs Ymins Ymax, 1 ‘fle ‘313) to approximate this integral. Qndirection,

there are1$/® elements of the same size
Xmax — Xmin
Ax =
nile

And ony direction there are;"’ elements of the size

Ay(x) _ ymux( ) ymm( )

ele
"y

Thei'" element inx direction is defined by two nodeg' = x,,;,, + (i — 1)Ax andx°% = x,,;, + iAx. If we

consider a function
Ymax
g(x) = / f(x,y)dy

min

and use approach.12 the integrall, can be rewritten as:

th’
I ~1Gauss}, (g, Xmin, Xmax, 15°) Z Z w;g(xij)
ks
2

By applyingA.12 for g(x;;), noting that the!" element iny direction is defined two nodeﬁf”lle(xij) = Ymin(%ij) +
(I = 1)Ay(xip) andyf % (x;) = Yyuin (xi5) + 18y (i) we have:

(A.14)

with Xjj = x?f‘{e + Ax

ymax(xz) x
8(xij) = /,J, C flg ) dy = Z - Zwkf Xij, Yik)

min(xij)
. + 1
with v = y'°% (xij) + Ay (xi;) gkz

Finally, I, can be approximately evaluated by the following operator

ele

N ele ele .
IG’Z”SSZD (f/ Xmins Xmaxs Ymins Ymax, My, 1

i Yik)

gi+1 (A.15)
X—

with x;; = x"”de +A >

+1
andy. = y°% (x;) + Ay (x;)) gkz
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Appendix B

Calculation of powers

Contents

B.1 Calculation of power of plastic deformation J¢ for the simple 2D velocity field

B.2 Calculation of powers for the simple 3D velocity field . . . . ... ... ....
B.2.1 Power of plasticdeformatiogg . .. ... .. ... ... ........
B.2.2 Power of the discontinuity of velocitig,, . . . . . . . . ... ... ...

B.2.3 Powerof frictionfg;c . ... ..o

B.1 Calculation of power of plastic deformation]. for the simple 2D velocity

field

Tensor of deformation rate €

Given by equatior3.61, the velocity field depends only onandz and moreover the component = 0, there are
only 4 components of the deformation rate tensor are diffdrem zero. These are the components inith@lan :

duy _ heveh

=S T TR

!

! "

. . 1 /ou, Ou, 1 h 1 h
Crz = =5 (¥ * 5) = gheve <m> = gheve [W B

€zz = —€xx.

Power of plastic deformation J

A
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B. Calculation of powers B.1 Calculation of power of plastic deformatigifor the simple 2D velocity field

The power of plastic deformation in roll bite is given by

Je = /
Qt’”’prlst’

2
= /Q 0'0\/5 (éaz(x + é%z + 2é32(z) aQ

emprise
-\ 2
an? + <h”—%> Z2D dxdydz

0 b h 2 [ 1202
///‘70 5 | 2
—1Jo Jo 3\ 2Kt

o\ 2
(70 hebeUe (% an? + (h” _ %2) 22 dz) dx

2,
= QO
3 éd

IIm
Im

00 Cvol
= Idx
/L V3 h
with
h "
I = l/ \/4h/2+ ”—£> z2 dz
h Jo
1
- 4n2 1+ (W — 21'2)% 2%2 dz*
v+ ( )
wherez* = %

We introduce an useful mathematic formula which is usedueadly in our calculations :

1 1 2 /a2 2
/ Va2 + 2P dt = 5 (\/{12 Ty %In%) . (B.1)
0

= ’hh” — 2h/2‘ and in noting

{ L =c= ‘h.h” — K2

L=vVa+2=,/4n"+1?

we obtain

1 4?2 L+
I==(L+=—In )
2<2+ 2|

Therefore,

0

L+ &L (Il +12)

dx
—_—. B.2
I |21 h (B.2)
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B. Calculation of powers B.2 Calculation of powers for the simple 3D velocity field

B.2 Calculation of powers for the simple 3D velocity field

As a reminder, the simple 3D velocity field is expresse®3as follows

1
ux(x,y) = CUOIW
o9y
uy(x,y) = Cvolm (B.3)
W (x)z

uz(x,z) = Cvolw-

B.2.1 Power of plastic deformation]/

Tensor of deformation rate €

Corresponding to this velocity filed, all componentgafre :

! !

) _duy Gy | 4

€xx = ox e | T + ¢ (B.4a)
. auy Cvol ‘P,

€y = —> = L (B.4b)
. dy  hp g

. _ du; _ Cool I

€z = 2z he h (B.4c)
) 1 fouy  duy\  Cyy | h’go/ Zgo/2 y

€y = eyx&(@*ﬁ)zh(p A e (B.4d)
) . Y foux  duz\ _ Cypr |, h’(p/ - 202 z

Gz = T3 ( 2 T ax> 7T Kl (B4e)

Thus, the power of plastic deformation is calculated as

Je = /Q (70\/? dQ)

/Q . (70\/ % (é%x+é§y+é§Z+2é§y+Zé§Z+Zé§Z) 40

[ B 5msefeer () +e ()t

= T [ [@er (B) e () o E s

= %%sz OLg (2 /0l ( /0l Q2+ 2y + g2 dZ*> dy*) dx

o 0
= 706cvol LL dex

I
I

emprise
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B. Calculation of powers B.2 Calculation of powers for the simple 3D velocity field

where
h/z ¢2 h/q)/
Q \/2ﬁ+2_2+2h<p
1 " h/q), q)lz b
! vz |7 h ¢ |
§= 2 ) h

We calculate now th&, in using the formuld.1fora = \/Q? + f2y*2 etc = g:

1 1
P, = 2&/ </ \/QZ _|_f2y*2 _|_gZZ*2 dz*> dy*
Q2+f2y*2 g+ Q2+82 _|_f2y*2
- _ Q2+ 2 *2+ + In d
/ [ f Y g g /Q2 +f2y*2

For the first term in the integral, we could also apply the folaB.1 for a = \/Q? + g% etc = f. And for the
second, we use two following formulas :

Li(a,b,c) = /In(\/a2+x2+b)dx
N o (B.6)
=cln (b+\/a2+c2)—c+ln¥+2\/a2—b2arctan<\/Z+Z 4 +CC a)

and

L(a,b,c) = / 2In(\/a2—|—xz+b)dx

_1 3 22 _ 2 _f E 24 o2
_3[ In(b+ Ve +E) + (@ —tP)e— S+ TV +c B.7)
AN s JZ 2
—2(a% — b?)? arctan byvalte—a) E( —2b%)In crvart e
a+b c 2
We obtain finally
=% c /0 Py(x)dx (B.8)
€ — \/6 vol 1 x :

b [2 QP+3f2 (84 VP 2 @i [+ VO g
Py=—1421/Q%+ f2+ g2 | 3 L
(P{S\/Q +r+g+ . Fir Tt T

}
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B. Calculation of powers B.2 Calculation of powers for the simple 3D velocity field

B.2.2 Power of the discontinuity of velocity],,,

0o
]Au /Sdlscontmuas \/g H_H

he
= / / \/ =—Ly)+u2(x=—L,z) dydz
be rhe — 2(_ 2
- ﬂ/ / \/vg(P = L)y* —l—v%h (th)Z dydz
e

= vol/ / \/(P y*2 +h 2( )Z*2 dy*dz*.

The calculation is performed similarly to that Bf and we receive :

+ /(P’EZ_i_h;Z (P,Z

Pe

Taw = 22C vg02+h?+ he + Ln (B.9)
RV 3 6 |@e| e 6 || rA '

B.2.3 Power of friction J;c

]fric = / THZHdS
Scontact

- / /’”"0 ( (x)+u§(x,z—h)—VC)2+u§(x,y) dyV/1+ h2dx

2 N 2
/ /mao (m@_%) +<M%> dy\/1+ H2dx

he
mog 0 b \/ 1 + h'2
\/— Cvol /

. 7 hoV,
In noting] = ‘\/l—f—hz— %

heVe

2
V14h2 - > + b_224,’2y*2 dy*dx
Cvol ¢

and in using the formulB.1fora = | etc = b', we have

[ '2 2
Ver+ 2+ P Ln(q)H— it )]dx. (B.10)

[ = mopCoor [0 b V14 h?2
fric — 2\/5 L ¢ h

'] ]
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Appendix C

Experiment on narrow strips

Contents

C.1 Rolling parameters
C.2 Lam3-Tec3modeling

C.1 Rolling parameters

Two types of steel are experimented, one has low flow stresthamother has very high flow stress. We present all

the rolling parameters in the two following tablésl andC.2.

| DWI | |
Roll diameter 400 mm
Limit of elasticity 280 Mpa
Roll speed 25 m/min
EXPERIMENT
Samples El E3 E5 E6 E7
Entry tension (kg/mrf) 1.210 1.214 8.290 8.235 7.83(
Exit tension (kg/mm) 2.025 2187 10571 12.029 12.9%4
Entry thickness measured (mm) 3.182 3.175 3.146 3.165 3.161
Exit thickness measured (mm) 2749 2233 2755 2383 2.213

Entry width measured (mm)
Exit width measured (mm)
Longitudinal friction (Coulomb)
Transverse friction (Coulomb)
Width spread measureth mm
Forward slip measured%o)

75.350 75.250 75.150 75.200 16
75.450 75.750 75.200 75.350 75
0.0349 0.0595 0.0420 @64

0.1396 0.2380 0.1680 0.1
0.10 0.50 0.05 0.15 0.20
1.40 0.56 1.79 1.37 1.47

15
350

Lam3-Tec3
COULOMB longitudinal friction coefficient
COULOMB transverse friction coefficient

0.0520 0.0382 0BOO 0.0428 0.426(
0.1405 0.1032 @26 0.1712 1.7040

Width spread calculated byam3-Tec3mm) | 0.179  0.659 0.052 0.165  0.231
UBM

Tresca isotropic friction coefficient 0.105 0.080 0.085 650 0.063
Width spread calculated by UBM (mm) 0.134 0.571 0.053 0.160.21D

Table C.1: Experiment and results obtained by differenhiods forDWI steel trials.
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C. Experiment on narrow strips

C.2Lam3-Tec3nodeling

| Soldur
Roll diameter 400 mm
Limit of elasticity 933 Mpa
Roll speed 25 m/min
EXPERIMENT
Samples E16 E18 E19 E20 E22 E23 E24
Entry tension (kg/mrf) 3.804 7.620 7.843 7.551 2.534 3.170 5.860
Exit tension (kg/mrm) 3.735 5.786 7.794  8.902 5.226 5.009 21.359
Entry thickness measured (mm) 1.310 1.308 1.312 1.320 1.31@.309 1.304
Exit thickness measured (mm) 0.872 1.139 0.987 0.824 1.133.9810 0.898
Entry width measured (mm) 60.20 60.20 60.25 60.20 60.25 50.2 60.20
Exit width measured (mm) 61.40 60.70 61.10 61.35 60.80 61.0561.00
Width spread measurefmm) 1.20 0.50 0.85 1.15 0.55 0.80 0.80
Forward slip measured%o) 4.86 1.79 3.85 4.86 2.38 3.84 3.79
Lam3-Tec3
COULOMB longitudinal friction coefficient | 0.04961 0.0564 .0869 0.04879 0.05698 0.05272
COULOMB transverse friction coefficient 0.0992 0.1128 @81 0.09758 0.1139 0.0701
Width spread calculated lyam3-Tec3mm) | 1.29 0.87 1.06 1.36 0.89 1.13
UBM
Tresca isotropic friction coefficient 0.085 0.060 0.085 7O 0.070 0.080 0.043
Width spread calculated by UBM (mm) 1.136 0.204 0.587 1.343 .228 0.655 0.914

Table C.2: Experiment and results obtained by differentioes forSoldur steel trials.

C.2 Lam3-Tec3modeling

In order to verify the validity ol.am3-Tec3ve model these trials witham3-Tec3and compare the results with
the measurement. For the soldur steel, the strips are gadtan.e flat. The old modelind_am3-Tec3previously
performed is credible. The results are presented in thes&bP. However, for theDWI steel, they are crowndce
their entry profiles are not rectangular. Therefore, we @@hthese trails in taking into account the entry profile & th
strips. We note that, the rheology of the steel is measurddrenonly unknown is the friction which can be isotropic

or not.

In observing that the longitudinal friction coefficiemt influence only the forward slip and the transversal ppe
has an important impact on the exit profile of the strips. €fme, theu, is obtained when it gives a good forward slip
and they, is determined by comparison of the exit profile calculated-ag3-Tec3with the measured. We present
here the entry and exit profile in modelihgm3-Tec3n compare with the measured ones for all the trials oro¥\d

steel.

In modelingLam3-Tec3 the entry profile is devised into two parts. At the centrehe strip, the thickness is
modeled constant and equal to the average of the measuckdehks in this part. While at the edge part the profile is
complicated, coming from the operation of edge cutting, liedefore, we have to approach the measured points by a
polynomial of degree 8 and use this polynomialLlam3-TecZalculation. They are showed in the left hand side of the

following figures.

We determine next the longitudinal friction coefficient by the way mentioned previously in concerning that the

friction is isotropic. The details are not necessary to les@nted. Only the results obtained are given the tdblés
andC.2 Then we vary the transversal friction coefficigntto obtain the best exit profile of the strips. The figures
in the right hand side show the relative thicknéssthe centre thickness is normalized to 1, calculatetidon3-Tec3
with the best value of thg,, which give the best exit profiles in comparison with expent& he final results on theses
trials are presented in the talilel

A
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C. Experiment on narrow strips

C.2Lam3-Tec3nodeling

Entry profile Exit profile
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half width position (mm) half width position (mm)
Figure C.1: Sampl&l. Comparison betwedram3-Tec3nd experiment.
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Figure C.2: Sampl&3. Comparison betwedram3-TecZand experiment.
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Figure C.3: Sampl&5. Comparison betwedram3-TecZand experiment.
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C. Experiment on narrow strips C.2Lam3-Tec3nodeling

half thickness (mm)

half thickness (mm)

Entry profile Exit profile
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