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Nomenclature

thermal diffusivity, (m2/ sec)

pre-strain coefficient

rate of deformation heat generation per unit volume, (W/m3)
friction factor

heat transfer coefficient, (W/m? °C)
thermal conductivity, (W/m °C)

strength coefficient, (M Pa)

bite length, (m)

strain hardening exponent

pressure between tool and workpiece, (M Pa)
heat flux, (W/m?)

friction heat flux, (W/m?)

roll radius, (em)

yield stress in plane strain, (M Pa)
temperature difference (T =7, — T.), (°C)
surrounding or coolant temperature, (°C)
strip thickness, (cm)

relative slipping velocity, (m/ sec)

velocity, (m/ sec)

Peclet number (‘—:'L”)

Biot number (',"'—-R)

modulus of elasticity (GPa)

modulus of rigidity (G Pa)



Greek symbol

Or total bite angle

oy front tension (M Pa)

o back tension (M Pa)

€ mean effective strain or von Mises effective strain
4 mean true stress or von Mises effective stress, (M Pa)
3 mean strain rate

[ pre-strain

T friction stress, (M Pa)

I coefficient of friction

a angle between heating and cooling regions
7/ angle of cooling spray region

r, 6 polar coordinates

T,y cartesian coordinates

v Poission’s ratio

an coefficient of thermal expansion (C°'l)
Subscripts

o initial value

f final value

r related to roll

s related to strip

a average value

7 elemental region



Chapter 1

Introduction

One of the ways of creating wealth is to convert raw materials into finished prod-

ucts through materials processing or manufacturing. Manufacturing is an honorable

endeavor, which is essential to a people’s standard of living and way of life [1].

1.1 Definition

Metalworking or metal forming is defined as an operation that induces shape
changes on the workpiece by plastic deformation under forces applied by various
tools and dies. In these processes change in shape of workpiece is not accompanied

by an extensive amount of metal removal as the principal method of altering shape.

1.2 Classification of metal forming processes

A number of criteria or mechanisms have been proposed and are being used for
the classification of metalworking processes. Boulger [2] has classified metal forming

operations or processes as follows:

1. According to the type of workpiece:

(a) Massive or bulk forming processes — the starting material is in the form

of semifinished shapes, bars, etc.; the workpiece has a small surface to volume

1



ratio; forming causes large changes in shapes and cross section; the elastic

recovery is usually negligible.

(b) Sheetmetal processes— the starting material is rolled sheet; the workpiece
has a large surface to volume ratio; forming causes changes in shape but small

changes in thickness; the elastic recovery is usually significant.
- According to the ef fect of de formation and temperature on mechanical prop-
erties:

(a) Hot working — dynamic recovery occurs, no strain hardening,deformation
temperature range is 0.7 < Ty < 0.8 where Ty = incipient melting tempera-

ture.

(b) Warm working — some strain hardening and/or precipitation hardening

may occur, deformation temperature range is 0.3 < T}, < 0.5.

(¢) Cold working — strain hardening occurs, deformation temperature range is

< 0.3Ty.

- According to the mode of deformation:
(a) Steady state— continuous wire drawing,
(b) Non — steady state— die forging, and

(c) Mized or transitory— extrusion.

- According to the system of stresses imposed on the workpiece:

(a) Compression



(b) Tension

(c) Tension and compression
(d) Bending

(e) Torsion

(f) Shear

For the purpose of discussing the basic theory of metalworking processes, these
methods may conveniently be classified as bulk deformation and sheet metal work-
ing processes, because they represent two different classes of work being done. Bulk
deformation processes encompass method of metal working like forging, rolling, ex-
trusion, drawing etc. In our study we will model tool and workpiece interaction for
large deformation process. Initially, we have chosen rolling process to implement our

analysis. Following rolling process has been discussed.

1.3 Rolling process

In its earliest beginning, the rolling of flat materials was limited to those metals of
sufficient ductility. It is assumed that rolling technique was first, used by goldsmiths
or those manufacturing jewelry or work of art. Metal rolling as with many other
important processes, cannot be traced to a single inventor. Rolling is very important
metal working process used for both cold and hot rolling of material. It is amongst
the most popular metal forming process, all of the steels, aluminum, copper produced
annually, about 90% of them are produced by rolling. In this process bulk deformation
of material is achieved by passing it between the rolls. Rolls used as tool to deform

3



strip, are moving with a high constant speed resulting in the plastic deformation of
the workpiece.

There are basically two types of rolling — hot rolling and cold rolling. It is to be
noted that the basic difference between the two processes is strictly the same as the
difference between other metal working processes.

Mainly, hot rolling differs from cold rolling in a way that hot rolling involves
pre-heating of workpiece preferably above room temperature and in some cases up
to a temperature of incipient melting (solidus temperature). Metals have much lower
flow stress at high temperatures and generally immune to cracking so hot rolling is
used for obtaining relatively high changes in processed materials, that is why, a much
higher coefficient of friction exists in hot rolling which finally causes a large angle of
bite during hot rolling [3]. Briefly, a major goal of hot rolling is to reduce the size
of passing strip at as high a temperature as possible, thereby reducing mill load and
increasing tonnage.

Cold rolling is done with thin sheets of thickness < 0.2 inches and width to
thickness ratio > 10. The strip is passed between the rolls having radius of the order
of one hundred times the thickness of the strip [4]. The aim of cold rolling includes
the production of sheets possessing high quality surfaces, accurate and consistent
dimensions in addition to high speeds as an increase demand of industry for high rate
of production [5].

Rolling used to manufacture massive, semi-finished and finished products of fer-
rous or non-ferrous materials. Tonnage stuff like structural shapes, rails, bars, pipes,
plates, hot-rolled sheets and strips, semi-finished products like plates, bars, and fin-

4



ished shapes such as cold rolled sheets employed in automobile bodies and cans are

greatly produced by rolling process.

1.3.1 Mechanics of deformation

It is relatively a complex process as compared to the other metal forming pro-
cesses like forging, extrusion or drawing. The basic principal of rolling is to achieve
the deformation of workpiece in large scale. Rolling is performed, by passing the
workpiece between the rolls that rotate in opposite direction. The rolls are hardened
steel cylinders, during passing between the rolls the thickness of the workpiece is re-
duced. Width of the workpiece is large as compared to its thickness, while passing
between the rolls the thickness is reduced, which results in lateral changes in the
workpiece that is increase in the width but this increase is nominal up to 1 or 2 per-
cent, therefore one can easily neglect this and assume plane strain deformation of the
workpiece. Although, at narrow zones near the edges this assumption is not valid,
consideration of these zones in analysis makes process more difficult to model that’s
why this consideration has hardly progressed beyond the empirical stage (4]

In rolling, workpiece and roll interaction form the contact surfaces, and as a result
friction is always present there. In fact, in rolling process friction is necessary as it
helps work rolls push the workpiece forward by inducing frictional stresses at the
roll-workpiece interface (these frictional stresses draw workpiece into the roll gap).
Friction is also necessary to transfer force and heat at the interface. The frictional
stresses are actually shear stresses which result from normal pressure exerted on the

workpiece by rolls and ratio of their average value is defined as coefficient of friction.

5



At the entry zone, the speed of the workpiece is quiet less then the roll speed,
but when it comes in contact with the rolls and starts deforming its speed begins
increasing as shown in Figure 1.1.

Therefore, there must be a point at the arc of contact where the (local) velocity
of the local elements of passing workpiece and roll must be same. This point is
called no slip point or neutral point where coefficient of friction has its maximum
value. At neutral point the speeds of workpiece and roll are same, after this point the
workpiece velocity surpasses the roll speed value and keeps on increasing until the exit
zone where the deformed workpiece leaves the roll, at the exit zone the workpiece has
speed higher than that of rolls. There is an interesting phenomenon that occurs at
the interface which needs to be considered; that is, at the left side of the neutral plane
the frictional stresses draw the workpiece into the roll gap and workpiece experience
a pushing effect, whereas on the right side of the neutral plane where workpiece speed
is higher, the frictional stresses try to hinder its motion thereby introducing a pulling
affect on it (workpiece). In steady state condition as usually encountered in rolling
the workpiece adjusts its speed relatively to the speed of work roll, in such away that
the external stresses acting on the workpiece are in equilibrium. This determines the
location of neutral point.

Since rolls are usually made up of steels (of high quality) huge amount of power
would be required to move them, the amount of energy necessary to drive them at
an efficient speed remains in the neighborhood of millions Btu’s per minute [6]. This
input power should be enough that rolls could be able to squeeze the workpiece as

well as overcome the friction at the interface. Almost all this energy is converted into

6



Figure 1.1: Relative velocity distribution between roll and strip surfaces.
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heat. Deformation energy contributes in the plastic deformation of the workpiece.
And frictional stresses at the arc of contact of the roll and workpiece generate friction

energy [4].

1.4 Thermal aspects of metal working

In metal forming plastic deformation of metals is achieved that results in high
temperature distribution at the contact region in the neighborhood of several hundred
degree Celsius. Thus region of tool and workpiece interaction has always remained
an important issue for researchers in this area from past several decades. The high
temperature gradient at tool -workpiece interaction has profound effects on both
components; that is, tool and workpiece materials’ properties are severely influenced
by this high temperature rise. Therefore a heat transfer phenomenon is of critical
importance in metal forming processes. Thermal modeling, however, requires a careful
attention in almost all metal forming processes but it needs some special care when we
talked about rolling of metals. In metal rolling process the motion of tool (work roll)
along with workpiece makes this process quiet difficult to model. As it is mentioned
earlier large amount of energy is required in rolling process such that rolls could be
able to squeeze the workpiece as well as overcome the friction at the interface. A
large fraction of this energy is converted into heat, where a part of it is conducted in

the roll and a part is transferred in the strip.



1.4.1 Heat generation in metal forming

Large amount of energy is released during bulk deformation of metals in the form
of heat, this heat energy has been generated mainly at two points —between tool and
workpiece interface and other within the deforming material.

Frictional energy dissipation at the tool-workpiece contact takes place because of
frictional (shearing) forces, which occur due to friction at the interface. The fraction
of total energy that is converted into frictional energy is dependent on the reduction
given to workpiece and the coefficient of friction along the contact surface. All this
friction energy is converted into heat and it is a valid assumption that this energy is
equally partioned between workpiece and tool [6].

Plastic deformation energy is generated when metals are plastically deformed.
Since large stresses required causing a permanent deformation in metals even at small
strain rate, therefore expenditure of energy involved in cold reduction of metals is

high. Almost all plastic deformation is converted into heat [7].



Chapter 2

Literature review

Thermal modeling in metal forming processes has been remained an interesting issue
from the past few decades. Lots of work has been devoted in this field. Heat transfer
phenomena at the interface become extremely intricate due to high pressure, high
relative velocity and high heat flux. Although a lot of work has been done for thermal
problem, but limited attention has been focused on heat transfer phenomena across
the interface [8]. There are different analysis methods that have been developed by
researchers to model the heat transfer phenomena at the interface. Some of them are
not capable of handling the complexity of the process. Recently, Tseng [8] discussed

three most frequently available techniques used to model the heat transfer process at

the interface. These are:

1. Prescribed heat flux along the interface
2. Prescribed convective heat transfer coefficient on contact boundary

3. Prescribed thermal contact conductance on contact boundary
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2.1 Prescribed heat flux along the interface

This approach requires either strip or roll to be modeled. Generally, in studying
temperature distribution during rolling process, often, the roll or the strip tempera-
ture has to be analyzed. Since in this method, boundary condition has to be specified
on the contact boundary or at the interface, therefore, strip or roll can be singly
modeled. Mathematically, the boundary condition for this approach is of Neumann

type and can be represented as

“kr(aaln‘r )b =q,,
for roll and
a7,
—ks( an )b =4q,,

for strip, where T is the temperature, k is the thermal conductivity, (%) is the gra-
dient normal to the boundary or interface, subscripts r and s represent the quantities
associated with roll and strip respectively and subscript b represents the contact re-
gion. This approach is relatively easy, as only roll or strip needs to be studied. Also,
the boundary condition is of Neumann type, so it is easy to handle it analytically
as compared with mixed or Robin type, thus, the mathematics of this approach is
relatively easy.

The disadvantage of this method is its sensitivity related to the prescribed heat

flux data which may ultimately results in wrong temperature values. A careful check
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is necessary in imposing heat flux value at the interface because any error or flaw in

the input data can directly affect the accmaéy of temperature distribution.

2.2 Prescribed convective heat transfer coefficient on contact

boundary
This approach more efficiently models the heat transfer phenomena at the inter-
face again we can only model either the strip or roll separately. Mathematically, the
boundary condition can be written with the help of Newton’s cooling law as

aT,
on

—kl( )b = heJ(Ts lb =T eore r)

for strip and

aT,

)b = her(Tr Ib ~Teore a)

for roll, where A, is the equivalent, or effective, convective heat transfer coefficient
also known as film or convective conductance. T, is the core temperature which is
generally assumed constant. Usually, T; |, is lower than T, , while T, |, is higher
than Teore . By increasing the roll or strip surface temperature, the heat transfer rate
across the interface can be increased, therefore, this approach closely represents the
reality of heat transfer phenomena at the interface [8]. The heat transfer coefficient h,
is usually obtained from temperature or heat flux measurements. When temperature

measurements are used some additional computational efforts are also required.
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2.3 Prescribed thermal contact conductance on contact bound-

ary

This method of analysis considers both roll and workpiece in modeling interface
problems. Thus, analysis is of coupled type in which interface heat flux becomes a
part of the solution. Thermal coupling between workpiece and roll interface implies
that the compatibility conditions; that is, 1—the continuity of temperature and 2—the
continuity of heat flux at the interface must be properly specified.

- Compatibility of temperature at the interface implies that at the bite region,
both workpiece and roll should have equal temperatures. This could be true, because
tremendous pressure occurred during rolling process at the interface which results in
intimate contact of the two components. However, the interface resistance can be
included in the analysis because of some scale or coolant film might be present at the
contact and thermal resistance of this film or scale should be considered. Most of the
previous studies have discarded this resistance because the thickness of lubrication
film or scale is very small in the order of micron [9] and assumed a perfect contact of
tool and workpiece. Mathematically, temperature compatibility for perfect contact

given by Tseng [8]

T, lb= T,- Ib (21)

where T, |, is workpiece temperature T; |, is roll temperature at the roll gap.

Compatibility of heat flux is also termed as energy conservation condition. Math-
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ematically, continuity of heat flux discussed by Tseng [10], [11] and can be written

oT, a7,
Pn s + k.(g;)b -qr=0 (2:2)

ke (

where g; is the friction heat flux generated within the interface.
Many studies have been performed by using above equations (2.1) and (2.2).

Recently, more general formulations developed by Tseng [12] for non-perfect contact

can be expressed for roll as
a7,
—kr(Z 7 = he(Ts s =T, ) - & (23)
and for strip
aT,
~ki(Z s = he(Tu s =T: o) = & (2.4)

where h. is the thermal contact conductance or interface heat transfer coefficient.
When h. tends to infinity, the contact becomes perfect where as for k. equal to
zero, a fully insulated interface has been obtained. Half of the g, value has been
incorporated which indicates that friction flux is evenly distributed at the interface.
The thermal contact conductance is the reciprocal of the thermal contact resistance

and is a function of different parameters, for example

he = f(pressure, roughness, temperature)
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The boundary conditions given by equations (2.3) and (2.4) also satisfies law of
conservation of energy. By simple manipulation between equations (2.3) and (2.4),
conservation of energy (the continuity of heat flux of equation (2.2)) can be acquired.
If h. tends to infinity, that is, for a perfect contact either the equation (2.3) or (2.4)
can be reduced to equation (2.1) i.e., T, |py=T; |».

In present work, the above mentioned three approaches have been categorized

mainly in two classes:
1. Un-Coupled Analysis

2. Coupled Analysis

2.4 Un-Coupled Analysis

This method of analysis encompasses 1—prescribed heat flux at the interface and
2—prescribed convective heat transfer coefficient on contact boundary. Decoupling of
workpiece and tool interface has to be performed as shown in Figure 2.1. Boundary
condition has to be specified at the contact region separately for each component,
thus, allows a flexibility of modeling either the roll or workpiece individually. For ex-
ample, in predicting temperature distribution over the roll it requires only knowledge
about interface heat flux g¢,, in case of prescribed heat flux approach . And in case of
convective heat transfer on contact boundary method, it requires effective convective
heat transfer coefficient h.. Once the main ingredients g, or A, of the two approaches
become known, roll temperature distribution can be evaluated easily. No need of

strip model arises in there for calculating roll temperature distribution. Similarly, for
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modeling strip temperature distribution, there is no need of modeling roll portion of

the process.Following literature review has been conducted for un-coupled analysis of

rolling process.

2.4.1 Prescribed Heat Flux

In the beginning period of analytical study of rolling process, prescribed heat flux
was utilized as the boundary condition along the interface. Johnson and Kudo [13],
Avitzur and Nowakowski [14] used analytical and Dawson [15] used numerical tech-
niques to study the strip temperature by assuming no heat flux across the interface,
i.e. gy = 0. Haubitzer [16] developed an analytical model for calculating two dimen-
sional steady state temperature distribution in a rotating roll with prescribed surface
temperature boundary condition. Patula [17] modified Haubitzer’s model by utilizing
constant heat flux and convection cooling boundary conditions over a portion of the
cylindrical roll. He got an exact solution in an infinite series form for two dimen-
sional steady state temperature distribution for a rotating roll. The results indicated
that for normal cold rolling situations under steady state conditions, the penetration
of the surface heating and cooling effects, that occur during every roll revolution is
very low usually remain less than 4 % of the radius. His temperature plots showed
that as position of cooling spray moved farther from the point of heat input a cusp
started to form at the point where cooling was initiated. He also suggested that the
approximate roll bulk temperature can be determined which would help in predicting
roll thermal crown.

Troeder et al. {18] and Guo [19] performed analytical study to determine roll
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Figure 2.1: Un-Coupled approach considers only one compoment.
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temperature by employing uniform heat flux distribution at the interface.

The heat input to the roll can not be uniform over the whole bite angle, because
roll and strip always remain in motion during the deformation process. Yuen (20]
and (21] extended Haubitzer’s formulation by taking linear heat flux distribution and
variable convection heat transfer coefficient over a portion of roll. The modified model
had heat input flux and convection heat transfer coefficient as a function of bite angle.
He also took into account the presence of scale layer between roll and strip, which is
always present in hot rolling. He found that in case of hot rolling scaled oxide layer
has a dominant effect on the heat transfer process and acts as an insulating layer
which can reduce the heat transfer rate significantly ( he neglected the curvature
effects i.e. roll diameter >> strip thickness).

" Gecim and Winer [22] used an integral transform technique (Finite Fourier trans-
form) to solve heat conduction equation in cylindrical coordinates for a rotating cylin-
der exposed to uniform heat flux and convection cooling. They neglected the heat
conduction in circumferential direction as compare to heat conduction in the radial
direction or heat convection in the circumferential direction because of high rotating
speed of the roll. Their predicted characteristic curves for temperature distribution
over roll showed peak temperature occurred at the bite region over the roll surface.
The temperature variations remain small in region below the roll surface and the
depth of this thermal skin would be decreased by increasing the roll speed.

By neglecting the circumferential heat conduction term from two dimensional
heat equation as did by [22], Tseng et al. [23] studied the thermal behavior of roll.
An analytical model was obtained by using integral transform technique. The roll
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was subjected to uniform heat flux and convective cooling over a portion of its cir-
cumference. High temperature gradients occurred within a thin surface layer of the
roll, resulted in the generation of high thermal stresses and also affected the thermal
properties of tool and workpiece.

Understanding of cyclic thermal stresses is necessary in order to get information
about roll wear and also in designing suitable roll cooling criteria, thus, resulted in
increasing roll life and better product surface quality. In an accompanying paper, [24]
Tseng discussed the cyclic stresses generated in the roll during rolling process. By
considering the steady state behavior of thermal stresses an exact solution has been
obtained. It is found that the thermal stresses vary rapidly (oscillate rapidly) within a
very thin layer near the roll surface, outside the bite region variations were moderate.
Maximum absolute shear stress took place at the location of one third of the bite

angle and maximum radial stress occurred at the entry point of the bite region.

2.4.2 Numerical models

Tseng [25] solved roll heating problem with respect to Eulerian coor&ate sys-
tem by using upwind finite difference technique with reasonably fine mesh. Upwind
differencing is used to stabilize the numerical oscillations often induced in convection-
dominated heat transfer problems. He mentioned that, since roll rapidly moves and
temperature varies only in thin layer near the roll surface, so the problem could be
analyzed only for thin layer of the roll. A parametric study had been performed at
different Pe and Bi numbers where Pe is Peclet number given as (¥&) and B is Biot
number equal to (42), v is roll velocity, R is roll radius, a is thermal diffusivity, h is
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convective heat transfer coefficient and k is thermal conductivity. He then compared
his results with analytical model given by Patula [17] and concluded that disagree-
ment between the numerical and analytical results near the bite region is decreased

as Pe number is increased.

2.5 Coupled Analysis

This approach uses thermal contact conductance (h.) at the interface and consid-
ers both roll and workpiece in modeling heat transfer phenomenon at the interface.
For modeling non-perfect contact h. has to evaluated experimentally or from corre-
lations whereas for perfect contact its (h.) value becomes infinity and equations 2.1
and 2.2 have been used. Additional information is required for workpiece deforma-
tion and friction heat generated at the contact of roll and strip. Knowledge about
friction heat has been obtained from pressure information of mechanical model and
for deformation heat generated in the workpiece, strip deformation behavior has to

be studied.

2.5.1 Analytical models

Cerni (26] and Cerni et al. [27] studied the thermal stress problem of hot rolling.
They developed an analytical model based on Lagrangian formulation to predict the
two dimensional transient temperature distribution in a roll. They assumed that
the whole roll was subjected to 360 degrees uniform convection cooling and heat
transferred in the roll gap from strip to the roll may be approximated by a line

source. The heat transfer solution was found by integrating the line heat source into
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Figure 2.2: Coupled approach considers both components.
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a band source and convection was also allowed at the region where the band source
applied. They did not consider the condition where cooling present over a portion
of the roll only. Hogshead [28] simplified Cerni's analysis and gave a convenient
analytical expression.

Pawelski [29] obtained mathematical expressions for the transient roll temperature
distribution near the roll surface by assuming only radial heat conduction in the roll
and exponential time dependent variation in roll surface temperature.

Polukhin et al. [30] and [31] obtained one dimensional analytical solution to study
the transient temperature distribution, both in strip and roll. They mentioned that
their analytical solution remain valid only when strip had been regarded as semi-
infinite slab, that is cooling effect of roll did not penetrate during contact up to the
center of the strip. They developed a condition of applicability for their analytical
model; for the cases that did not fulfill the condition of applicability, they solved
one dimensional heat equation by finite difference method. It was reported that the
temperature of the roll rises in the beginning of the contact with the strip, and then
starts to decrease behind it. A uniform distribution of friction heat generated at
the interface had also been assumed. They did not provide detailed analysis, also
information were hazy.

Yuen [32] developed an analytical solution by considering a scaled layer between
roll and strip. He assumed a uniform distribution of friction heat flux and deformation
heat generated in the workpiece and expected that this is a valid assumption for hot
rolling. It has been found that scaled layer has dominant effect on heat transfer

process between strip and roll.
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In rolling process, work roll always remain in continuous motion and it has been
proved that a thermal equilibrium is reached after some period of time. Through
passing the roll between heating and cooling cycles a steady state temperature dis-
tribution can be achieved [33]. By considering steady state process, Tseng et al. [34]
studied the thermal behavior of both roll and strip and developed an analytical model
for aluminum cold and hot rolling. The roll subjected to uniform heat flux and con-
vective cooling over a portion of its cirgumference. Roll temperature distribution is
obtained by using Fourier integral technique and for strip temperature; separation
of variable principal was adopted. Compatibility condition was adopted in order to
link both roll and strip solutions. High temperature gradients occurred within a thin
surface layer of the roll, resulted in the generation of high thermal stresses and also

affected the thermal properties of tool and workpiece.

2.5.2 Numerical models

Without giving details and using finite difference approach, Parke and Baker [35]
developed a two dimensional model to study transient roll behavior. The work roll
was subjected to cooling over a portion of its circumference, and heat loss to backup
roll was taken into account. Their work was conducted for specific roll dimensions
and speeds.

The model given by Parke and Baker was based on Lagrangian formulation re-
sulted in parabolic-type governing equation that includes conduction terms only. This
type of formulation utilizes fixed coordinates in the roll, and boundary conditions ro-

tate with respect to the roll. Lagrangian system requires a very fine mesh or number
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of steps to simulate the rolling process. If an implicit scheme is employed the number
of nodes should be higher than the explicit scheme, in order to get numerical conver-
gence. The model given by Parke and Baker [35] (based on Lagrangian formulation)
uses 240 steps to simulate one revolution for a typical rotating speed, therefore,
steady-state temperature may be reached after several hundred thousands of steps,
which obviously neither efficient nor economical. Another drawback of Lagrangian
formulation is its failure to study the interface behavior, that is, when roll contact
another body. This is because; Lagrangian approach only allows the use of uniform
circumferential mesh for modeling the rotating boundary condition.

Lahoti et al. [36] developed two dimensional finite difference model for strip and
for a small region of roll. They did not consider the region of the roll exposed to
convection cooling. They arranged a non-orthogonal finite difference mesh in the
deformed strip portion so their model was inefficient or had some distinct limitations.
They predicted a very uniform temperature along the interface and quiet large thermal
layer in the roll, the results showed deviations which may be due to the selection of
non-orthogonal grid.

Poplawski and Seccombe [33] modified numerical model of Parke and Baker (35]
based on finite difference scheme to incorporate the third dimension. They used
finite difference technique to obtain transient temperature distribution in the strip,
in the skin of work roll and at the backup roll/work roll interface zone. Their reported
characteristic curve for temperature variation was same as that of Patula’s [17]. They
also calculated the work roll core temperature at various distances below the roll
surface versus time, and told that after a period of time most of the roll gets an equal
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temperature gradient. Lahoti et al. (36] and Poplawski et al. [33] s’ studies were based
on Lagrangian formulation.

On the other hand, Eulerian approach uses fixed boundary conditions, but gives
temperature distribution in a moving roll. This approach uses fewer steps, thus results
in eliminating the efforts required to model the moving boundary condition as well as
decreases the computing time. One drawback of Eulerian formulation is that elliptic-
type governing equation comes out, which includes both conduction and convection
terms. This type of equation is difficult to handle numerically when Peclet number
is high, as usually happens in rolling process.

Based on Eulerian formulation, Tseng [10] and [11] introduced generalized finite
difference scheme with upwind differencing. Generalized finite difference discretiza-
tion is used for heat transfer problem involving high convective heat flow, irregular
geometry and high local thermal gradients. While upwind differencing is employed
to overcome numerical instability resulting from high velocity. He analyzed the ther-
mal behavior of hot and cold rolling processes by considering both strip and roll
and obtained steady state temperature distribution in both roll and strip. The non-
orthogonality of mesh taken place at the bite region has been handled by generalized
finite difference scheme. Lahoti et al. [36] did not consider orthogonality of mesh in
their study. They concluded that the accuracy of results was affected at high Peclet
number but could remain in the limits with the help of a reasonably fine mesh size.
Also, his calculated péak roll temperature was in good agreement with the value given
by Poplawski and Seccombe [33].

Tseng and Wang (37] discussed thermal contact resistance for cold rolling case.
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They concluded that interface resistance which depends on surface roughness, contact
pressure, coolant, lubricant or oxide layer between roll and workpiece, hampered heat
transfer from strip to the roll and temperature difference between roll and workpiece
increases significantly as the thermal resistance increases.

Tseng (38] implemented thermal resistance concept on hot and cold rolling prob-
lems. First time, he estimated the specific values of the parameters used to correlate
the corresponding thermal contact conductance for the typical cold and hot rolling
of steels.

Tseng and Wang (37] and Tseng [38] have obtained the values for friction heat flux
and deformation heat generation from rigid-viscoplastic finite element code developed
by {39] and [40].

Chang [41] modeled two dimensional heat transfer phenomenon between roll and
strip by one dimensional heat conduction equation following Lagrangian coordinate
system on the contacting surfaces. He mentioned that at high Peclet number the
depth of thermal boundary layer remains very small in both roll and strip (usually
in few percent of respective lengths); therefore, roll and strip may be treated as semi
infinite solids. Finite difference and analytical solutions have been combined in his
work for predicting temperature distribution in roll and strip.

Some people performed finite element analysis for strip rolling process. Yamada et
al. [42] performed two dimensional thermo-mechanical analysis of flat rolling process
using finite element analysis. They developed finite element code for two dimensional
steady state thermal analysis and combined it with rigid-plastic finite element code for
deformation analysis. After comparing the results acquired from purely mechanical
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analysis with thermo-mechanical analysis, they recommended that for precise esti-
mation of stress and strain distribution in the roll bite thermo-mechanical analysis is
indispensable.

Woodbury and Beaudoin [43] discussed thermal aspects of modeling strip rolling.
They emphasized on paying special attention on thermal interaction between tool and
deforming material. They also mentioned that proper description of the temperature
field is a must for correct evolution of strain rates and hardnesses.

Dawson [44] developed a finite element model to solve the coupled thermal and
mechanical problems in hot rolling of strips. Later, material hardening behavior has
been incorporated by means of an internal variable constitutive equation [45].

Hwang et al. [46] used Petrov-Galerkin finite element scheme for heat transfer
analysis of both strip and roll in hot rolling process, they found that roll speed,
reduction and interface heat transfer coefficient have significant effects on roll-strip

temperatures, metal flow and roll pressure distribution.

2.6 Experimental studies

Along with analytical and numerical studies the thermal behavior of rolling pro-
cess has also been studied by some keen researchers. Stevens et al. [47] provided some
interesting and significant experimental results related to the transient temperature
build up in rolls. Their work was conducted for specific roll dimensions and speeds.

Denisov et al. (48] performed experiments which precisely measured the temper-
ature distribution for hot rolling. They used thermocouples to measure the tempera-

ture values over the roll surface and on the zones near the roll surface, that is at the
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interface and backup roll.

Raudensky et al. [49], based on on-line temperature measurements obtained spe-
cific values of temperature and heat flux for hot rolling of shaped steels. They em-
ployed inverse heat conduction technique to convert measured data into surface heat
flux and heat transfer coefficient.

Jeswiet and Rice [50] measured temperature distribution in strip at the bite region
for cold rolling process. Yoshida et al. [51] developed an integrated mathematical
simulator for hot strip mills and measured temperature for rolled material and roll,
along with this they also measured rolling loads.

Based on the above literature review it has been found that almost all studies
performed in modeling temperature distribution over roll or strip consider uniform
heat flux distribution at the interface. A very little attention has been paid in eval-
uating deformation energy generated in the workpiece, some studies reported about
this and some did not. Those who reported considered uniform distribution of energy
generated in the deforming workpiece. Tseng [8] gave a review on heat flux distribu-
tion. His given information has been categorized and updated here with respect to
coupled and un-coupled approaches in Tables 2.1 and 2.2. These tables indicate the
heat flux distributions used in different analyses. By considering this data one can

say that none has performed analysis by employing non-linear heat fiux distribution.
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Table 2.1: Boundary heat flux for un-coupled approach.

Un-Coupled Approach
Investigator Process Boundary heat flux Comment

Avitzur and Nowakowski [14] steel rolling 0 modeling strip
Dawson [15) aluminum rolling 0 modeling strip
Guo [19] steel rolling uniform heat lux ~ modeling roll
Johnson and Kudo [13] metal rolling 0 modeling strip
Patula [17] steel rolling uniform heat lux ~ modeling roll
Raudensky et al. [49] steel hot rolling 38 MW/m? roll measurment
Troeder et al. [18] steel rolling uniform heat lux ~ modeling roll
Tseng [25] steel rolling uniform heat lux  modeling roll
Tseng et al. [23] aluminum rolling  uniform heat flux modeling roll
Tseng et al. [24] steel rolling uniform heat flux ~ modeling roll
Yuen {20] steel hot rolling linear heat flux modeling roll
Yuen [21] steel rolling uniform heat lux = modeling roll
Gecim et al. [22] steel rolling uniform heat lux ~ modeling roll
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Table 2.2: Boundary heat flux for coupled approach.

Coupled Approach

Investigator Process Boundary heat flux Comment

Cerni (26] steel rolling uniform heat lux  modeling roll/strip
Hogshead (28] steel rolling uniform heat flux  modeling roll/strip
Tseng [11] steel rolling uniform heat flux  modeling roll/strip
Tseng et al. [10] steel rolling uniform heat flux  modeling roll/strip
Tseng et al. (34] aluminum rolling uniform heat flux modeling roll/strip
Yuen [32] steel rolling uniform heat flux  modeling roll/strip
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2.7 Deformation and friction heat flux scenario

It has been discussed earlier that there are mainly two sources of heat deforma-
tion and friction present at tool and workpiece interface for a metal forming process.
For rolling process modeling little attention has been paid to this aspect. Lahoti et.
al. {36] in their analysis used Orowan’s theory of rolling [52] for calculating heat gener-
ation due to plastic deformation of workpiece and friction at the interface. Yuen (32]
assumed uniform distribution of deformation heat in the workpiece and friction heat
at the interface, he did not discuss the procedure for calculating these values and
suggested that these can be obtained from [52] and [53]. Tseng and Wang [37], andT-
seng [38] in their study for temperature prediction over roll, utilized rigid-viscoplastic
finite element model of [39] and [40] for calculating deformation and friction heats.

Tseng et al. (34] analyzed thermal behavior of roll and strip, the information on
heat generation by friction and deformation were obtained from a computer program
ROLLING developed by Maslen and Tseng [54], the computer code was based on
modified version of Alexander’s theory of rolling [55]. Tseng [10] in his study of
temperature distribution obtained deformation and friction energies from direct mea-
surements of power. There is uncertainty in dividing the measured power into the
above mentioned two sources of heat.

Woodbury and Beaudoin [43] evaluated deformation energy by integrating flow
stress-deformation rate product over the deformation zone. Friction energy was also
determined by integral of the product of shear stress and relative slip velocity.

Hwang, Joun and Kang [46] employed penalty rigid-viscoplastic finite element
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method for modeling deforming material.

It has been cleared that for predicting temperature distribution over tool, informa-
tion about previously mentioned two major sources is necessary. Based on literature
review table 2.3 has been developed which describes the type of values for friction

and deformation heats used by different authors.
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Table 2.3: Deformation heat and friction flux behavior considered by different

authors
Author Friction heat generation Deformation heat generation
Yuen (32] uniform distribution uniform distribution
Lahoti et al. [36] constant value constant value
Tseng (38] non-uniform distribution constant value
Tseng and Wang [37] non-uniform distribution constant value
Tseng et al. [34] constant value constant value
Woodbury and Beaudoin [43] constant value constant value
Hwang et al. [46] not reported not reported
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Chapter 3

Present Study

3.1 Objective

Tools with highly finished surface are always being in great demand by the metal
processing industry. Tool surface finish is an important parameter in controlling the
quality of product. Manufacturers take great care in designing proper tool for a
particular metal deformation process. For rolling process, roll (tool) surface finish is
a key parameter in controlling the rolled product quality, especially in cold rolling
that is normally a final operation in the process performed on the strip. Mechanical
properties of the rolled strips are also subjected to great variations due to the thermal
gradient. In metal rolling, plastic deformation of workpiece is achieved at the region
where roll becomes in contact with the workpiece. As a consequence, large amount
of heat is generated at the interface resulted in high heat flux at the interface. Also
high relative speed between workpiece and roll (up to the order of 10 m/s) that is
always demanded by mill operators makes heat transfer phenomenon at the interface
very complicated. In addition to this, mechanical load is also acted at the bite region
in the form of pressure and friction stress distributions. This thorny behavior of
pressure and friction stress at the interface and thermal gradient in the roll markedly

distorts the roll and induces large stress variations, as a consequence wear of roll is
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also started: These stresses cause fatigue and roll spalling. Finally, complex thermal
and mechanical loadings produce severe distortion of the rolls with undesirable surface
and shape, and with short life. Such type of roll always affects the product quality
and size which ultimately result in decreasing mill efficiency thereby

a) decreasing roll speed,

b) increase number of roll changes, and

c) decrease yield due to irregular shape and wrong gauge

By considering all these aspects, one can say that an efficient heat transfer ar-
rangement is a must to control roll temperature profiles. Knowledge of temperature
and stress distributions in the roll is necessary in order to protect its deterioration
and increase life, and a complete history of roll deformation behavior is essential for
controlling final strip thickness with satisfactory quality. Therefore, it is of paramount
importance that thermal aspects associated with the process be efficiently modeled

and their effects on stresses and deformation behavior be carefully considered.

3.2 Problem Description

Present work involves the study of heat transfer phenomenon at the tool and
workpiece interface and the effects of thermal gradient and mechanical load over tool
deformation for a cold strip rolling process. Roll (tool) remains in continuous motion
at a constant surface speed and is subjected to heating and spray cooling cycles.
Figure 3.1 shows a typical model for a rotating roll subjected to different boundary
conditions proposed by many authors following un-coupled approach. 67 represents
uniform heating region, 1 shows the arc exposed to uniform forced convective cool-
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Figure 3.1: Classical roll model used by different authors composed of rotating
cylinder exposed to surface heating and forced convective cooling.
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ing and o represents a gap between heating and cooling regions. On the basis of

assumptions given below:

1. Long cylinder that is, temperature variation along axial direction is neglected

2. Uniform mechanical and thermal properties of roll material

3. Temperature becomes steady state after a certain period of time

4. Rotational speed is constant

5. Uniform heat flux distribution

and with respect to Eulerian Reference frame, the governing differential equation

for temperature distribution can be written as [56]

10 (oY, 10T _ vor
2 36°  a.R 06

ror ' or -

with boundary conditions

(
—qr 0<fb<ér
_kraq'(R,o)_ 0 01(9(0'{"01
5 =
(T (R,8) — Tox) a+0r<6<a+fr+¢
0 at+r+yYy<6<22r
\

p

(3.1)

(3.2

k. is thermal conductivity for roll material, k is convective heat transfer coefficient,

a,is thermal diffusivity and R is the roll radius, V; is the roll velocity and Ty is
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surrounding temperature.

Our interest is to calculate a temperature distribution, which can satisfy above
system of equations. We know surrounding temperature 7., thermal properties, roll
speed and geometry, the only unknown remains is heat flux (¢-) entered towards the
roll. This unknown heat flux (g,), makes analysis extremely difficult. Figure 3.1 shows
a uniform distribution of roll heat flux at the bite region. In actual rolling process
this heat flux may not remain constant over the whole bite angle. Also pressure
distribution is not remained uniform at the interface, which results in a non-uniform
friction flux at that area. In addition to this, heat flux (gs) coming out from the
strip is varying greatly due to strip deformation. Therefore, assumption of uniform
heat flux is not correct. In present analysis variation of heat flux at the bite region
has been considered, this issue will be discussed in Chapter 6 named Temperature
Distribution Module.

Roll stresses and deformation behavior have also been predicted by considering
both mechanical and thermal loads. Also roll deformation effects in controlling the
size of rolled strip have been simulated. Mechanical load constitutes both contact
pressure and friction stress distributions at the interface whereas temperature distri-
bution is evaluated by employing non-linear variation of heat flux at the roll and strip
interface. Finally, strip exit gauge has been calculated by considering deformed roll
and compared with the experimental data available in the literature. Since, in actual
rolling process both thermal and mechanical loads are present; therefore, proposed

work is realistic in a way that it closely simulates the actual process.
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3.3 Proposed Approach

The problem has been defined as first— to evaluate roll temperature distribution,
which requires roll heat flux. Heat flux entered into the roll is the summation of heat
flux comes out from deforming strip and heat flux generated at the interface due to
friction called friction heat flux [34]. Following un-coupled approach earlier studies
used either prescribed heat flux along the roll interface or prescribed convective heat
transfer coefficient at the contact region. This un-coupled analysis does not properly
simulate the heat transfer phenomenon. It has been cleared after literature review
that coupled approach closely models the actual heat transfer process because in this
technique roll heat flux (g,) has to be evaluated instead of prescribing from outside;
therefore, in present study roll temperature distribution has been predicted by using
coupled modeling approach. A coupled approach model with non-uniform heat flux
distribution at the interface is shown in Figure 3.2. With the assumption of perfect
contact between roll and strip the compatibility of temperature and heat flux at the

interface can be expressed as

Ts |c= T, |c (33)

‘q-r = 7. +zi] (3.4)
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Figure 3.2: Coupled approach model showing variation of heat flux at the inter-
face.
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where T, is average roll temperature, T, is average strip temperature, g, is the aver-
age heat flux from deforming strip and Gy is the average heat flux generated at the
interface, subscript c represents the contact region.

Second part of current study consists of evaluating roll stresses, introducing roll
deformation effects in the analysis and calculating optimum roll diameter so that
exit strip gauge can be controlled. The stress and deformation analysis has been
conducted with finite element method by considering both mechanical and thermal
loads.

Different models have been developed, which consist of relevant information nec-

essary for performing this study. Details of each model is given below.

3.3.1 Pressure module

In metal forming processes high pressure occurs at tool and workpiece interface,
which is related to the friction stress at the contact region. This module is capable
of evaluating pressure and friction stress distributions at the interface for cold strip
rolling operation. It is semi-analytical model based on slab method of analysis. The

details will be discussed in Chapter four.

3.3.2 Heat flux module

This module utilizes data obtained from pressure module. Friction heat flux at
the interface and deformation energy generated in the workpiece has been calculated

here. Friction heat flux ‘qy’ at the interface is obtained as a function of various
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parameters,

qf = f(#) P) ‘/rel, T, yf) R, GT) (3.5)

where u is the friction coefficient, P is the pressure, V,,; is the relative slip velocity,
7 is the shear stress, y, is the final strip thickness, R is the roll radius, 67 is the bite
angle. An expression for evaluating distribution of deformation energy density rate

‘e’ in the deforming strip has been obtained as function of following parameters

e= .f(K: V:a Yo, yfr L1 R, oT) (36)

where y, and y; are initial and final strip thicknesses. K is strength coefficient, V, is

the strip velocity, L is the arc length. This module will be discussed in Chapter five.

3.3.3 Roll temperature module

It consists of semi-analytical model for predicting roll temperature distribution.
A non-uniform heat flux behavior at the interface and uniform convective cooling over

the roll periphery has been considered. This aspect will be discussed in Chapter six.

3.3.4 Roll deformation module

Based on finite element code, this module is developed to calculate roll stresses
and to simulate roll deformation phenomenon occurred in strip rolling process. Both

mechanical and thermal loads have been utilized here.
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3.4 Description of developed master module

Previously mentioned analytical and numerical models have been interfaced to-
gether so that a coupled master module has been formed in order to perform different
parametric studies. The developed master module can be understood by the flow
chart shown in Figure 3.3. The pfocas parameters, like material properties, thermal
properties and geometry of the roll and strip will be set with respect to a typical
rolling process for conducting numerical experiments. The developed master module
will start working from pressure module that will give the location of neutral point
and the distributions of pressure and friction at the interface. The outputs from pres-
sure module will be used in heat flux module for calculating friction heat flux at the
interface. Rate of deformation energy generated in the workpiece will also be calcu-
lated in this module. Distributions of friction heat flux and deformation energy will
be used as inputs in roll temperature module for predicting roll temperature distri-
bution. Finally, roll deformation module will be utilized for calculating roll stresses
and deformed roll radius. Pressure and friction stress from pressure module; and
temperature distribution from roll temperature module will be imposed over the roll.
The deformed roll radius calculated in deformation module is utilized for next step
calculation. An iterative procedure will be used over the entire developed coupled
module and a convergence criteria is made until error in calculated deformed roll
radius becomes very small. Above mentioned procedure can be grasped by Figure

3.3.
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MODULE DISTRIBUTION MODULE
® Friction flux due to energy ¢ PBoundary conditions
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Figure 3.3: Developed master module showing coupling of different sub modules
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Chapter 4

Pressure Distribution Module

4.1 Introduction

High pressure occurs at the roll and workpiece interface during rolling process. For
evaluating this pressure distribution Pressure distribution module has been developed.
This module consists of a semi-analytical model for predicting pressure and friction
stress distributions based on slab method in plate rolling given by Christensen et

al. [57]. Following assumptions have been made
1. homogeneous deformation
2. plane strain deformation
3. rigid roll surface
4. constant friction factor
5. rigid plastic material for workpiece
6. von Mises’ yield criterium

Christensen et al. [57] in their study use both initial and final strip thicknesses
of the workpiece (strip). Initial thickness (y,) refers to the thickness of workpiece
before deformation whereas final thickness (y;) refers to the thickness of workpiece
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after passing through the roll gap. Since in present study the exit strip gauge will also
be controlled; therefore, only initial strip thickness should be present in the analysis
so that after calculating the deformed roll diameter, final strip thickness could be
evaluated. The model given by [57] has been modified by using the initial workpiece

thickness (y,), following relation has been developed from the geometry of Figure 4.1

Y = Yo + 2R(cos b7 — cosb) (4.1)

where y is any arbitrary strip thickness at the bite region, 8r is the total bite angle
and 6§ is any arbitrary angle. Finally, the friction stress obtained from this module
will be used in getting friction heat flux generated at the interface. Formulation of

basic governing equation is given below.

4.1.1 Governing differential equations:

Referring to the element shown in Figure 4.2, the static equilibrium equations

can be written as for equilibrium in x direction [57]

d(ozy) + 2P tanfdz + 2rdz = 0 (4.2)

and for equilibrium in y direction [57]

oydz + Pdz T+ Ttanfdz =0 (4.3)
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Figure 4.1: Free body diagram for strip geometry.
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o

Figure 4.2: Free body digram of strip slab taken from the entry side of the roll
gap. v
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where the upper sign corresponds to the exit zone and the lower sign corresponds to

the entry zone of the roll gap.
Since deformation is homogeneous therefore internal shearing will not occur, thus
one can assume o: and o, to be principal stresses and inserting in von Mises’ yield

criterion gives the following physical condition
Oz —0y = --2—0'° =S, (4.4)
V3
where S, is yield stress in plane strain, inserting equation (4.4) in equation (4.3) gives
oz =S, - P+xrtand (4.5)
by substituting equation (4.5) in equation (4.2) we get
d[(S, — P £ rtan®)y] + 2Ptanfdz + 2rdz = 0 (4.6)
from the geometry of Figure 4.1 we have
Y = Yo + 2R(cos O — cos ) (4.7)
differentiating above equation (4.7) with respect to 8 will give

dy = 2Rsin 6d0 (4.8)
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also we have
dz = Rcosfdf (4.9)

by using equations (4.7), (4.8), and (4.9) in equation (4.6), we get

d A .
étanay+d—s-y—£y+2RS,sm9:l:rsec20(yo+2Rcosar) =0 (4.10)

+ do dé

The above equation has been used for evaluating pressure distribution at the interface.

In this equation the expressions for friction stress (r) are subtituted.

4.2 Friction stress

Friction occurred at the tool (roll) and workpiece interface which results in fric-
tion stress. For modeling friction effects, traditionally Amonton’s law r = up , full
stiction 7 = S, or a combination of these two has been widely used. Wanheim and
Bay (58 — 60], have shown that neither of these two laws are usually valid. Figure
4.3 shows their general model for friction. Gerved [61] developed an approximated

analytical expression for the friction curves that are given by (57]

T=up (4.11)

for pressure less than limit of proportionality that is p<p and

T=1 +(0.55f — 7)1 - ezp((p' ~ p)C3)) (4.12)
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Figure 4.3: Friction stress as a function of normal stress and friction factor (57].
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for pressure less than limit of proportionality that is p < p’ and

=17 +(0.55f —7)(1 - ezp((p —p)Cy)) (4.12)

holds for pressure greater than limit of proportionality that is p > p, where p’ and

7' represent the limit of proportionality, given by

P' = \/§So

T = 055,(1-+1<F)and (4.13)
Tl

CS = p'(0.53.,f—1")

f is friction factor related to the coefficient of friction u with the following relation (57]

- F
“—1+§+cos-1f+m (414)

by using expressions for friction stress equation (4.11) and (4.12) in equation (4.10),

the equations for low (p < p) and high (p > p’) normal pressures can be obtained [57).

4.3 Ordinary differential equations for low and high pres-
sures

Following two equations have been obtained by incorporating friction stress equa-

tions in equation (4.10).
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4.3.1 For Low Pressure:

When pressure remains up to the limit of proportionality that is p < p, the

following relation is derived for calculating pressure distribution.

% = M, (0)P(6) — M3(6)

where

_ =u(yo + 2Rcosf7)(1 + tan?d)

My(6) (Futand ~ 1)(C, — 2Rcosb)
2S,Rsind + ZS’; (C4 = 2Rcosh)
My(0) =

(£utané — IW“ — 2Rcosb)
04 = yo + 2R60801'

4.3.2 For High Pressure:

(4.15)

(4.16a)

(4.16b)

(4.16¢)

When pressure crosses the limit of proportionality that is p 2 p, the following

relation is derived.

S = Ni(6) ~ Ny(6)
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where

Ni(9)

N2(9)

Cy

F(C1L — Caezp((p' — p)C3))Cy(1 + tan?d) 418
CyCitanBezp((p — p)Cs)(Cs — 2Rcosb) — (C; - 2Reosd) -+152)

25,Rsind ZS; (Cs — 2Rcos8)
C:Cstanfezp((p’ — p)Cs)(Cy — 2Rcosf) — (Cy — 2 Rcosh) (4.18b)
T 4+ (0.55,f =) (4.18¢)
0.5S,f — 1 (4.184)
TI
P(055.F —7) (4.18¢)
Yo + 2R6089'r (4.18f)

By introducing friction stress equations, the governing equations are developed for low

and high pressure ranges. Friction stress equation (4.11) gives differential equation

(4.15) for low pressure range which is linear, whereas friction stress equation (4.12)

results in non-linear differential equation (4.17) for high pressure range. The pressure

and friction stress evaluated from pressure module will be used as mechanical loads

in deformation analysis of the roll.

4.3.3 Boundary conditions

The boundary conditions for evaluating the integration constants have been ob-

tained by utilizing Mohr’s circle [57]. If front tension o is applied at the out coming

strip from the roll bite then for exit section we get

@ -omre(e-(g-)) oo
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where o, is the front tension, upon simplification the following relation is obtained

for exit section

S, — 20, + \/(S,, —20)? -4 (1 + p?) (03 — So0y)

P(0=067)= Ty (4.20)

a similar boundary condition has been obtained for entry zone but only front tension

has to be replaced by the back tension o, mathematically

S0 =204+ /(S0 = 205)* — 4 (1 + ) (02 — S,04)

P(#=0)= ) (4.21)

4.3.4 Strain hardening

Authors [57] assumed strain hardening of the deforming material according to the

Swift equation [3]
7= K(e, + )" (4.22)

where 7 is von Mises effective stress, K is strength coefficient, ¢, is pre-strain, n is
strain hardening exponent and € is von Mises effective strain. Yield stress in plane

strain S, can be written as

S, = %K(eo +a)n (4.23)



Von Mises (average) effective strain for plane strain deformation is given by

-_ 2 Yo
€= %ln (y., + 2R (cosOr — cosﬂ)) (4.24)

where S, is yield stress in plane strain, f is friction factor, Yo i8 initial strip thickness.

Figure 4.4 describes the way of obtaining pressure distribution.

4.4 Description of Pressure Module

Main governing differential equation (4.10) will be used for calculating pressure
distribution at the interface. By introducing friction stress equations the governing
equations have been developed for low and high pressure ranges. Substitution of
friction stress equation (4.11) gives differential equation (4.15) for low pressure range
which is linear. While subtitution of friction stress equation (4.12) results in non-
linear differential equation (4.17) for high pressure range. Finally, these two equations
have been solved numerically to get pressure distribution by fourth order Runge-Kutta
method. The point at which pressure becomes maximum at the interface, indicates

the location of neutral point.

56



PRESSURE DISTRIBUTION MODULE
ASSUMPTIONS:

von Mises® yield criterion

Governing differential equation (equation # 4.10 ) is obtained by slab
method of analysis

f%: roll radius, strip \

thickness, reduction

Forces: front and back tensions,
yield stress
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constants, £, £, n etc.

Boundary conditions: at roll

\inlet & outlet

J

—— Numerical solution — |

RESULTS:
¢ Pressure distribution
®  Friction stress distribution
¢ Neutral peint

Figure 4.4: Pressure distribution module.
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Chapter 5

Heat Flux Module

5.1 Introduction

As it has been mentioned earlier that large amount of heat is generated in metal
deformation processes. This heat results in a temperature rise of tool and workpiece.
Heat transferred to the roll is not remained constant over the whole bite region and
based on previous discussion the assumption of uniform heat flux into the roll is not
valid. Present analysis is pragmatic in this aspect that it considers non-linear heat
flux distribution at the interface. In current work, distributions of friction and defor-
mation energies at the bite region have also been evaluated. Semi-analytical model
for evaluating friction heat flux at the interface and deformation heat generation rate

in the workpiece have been developed and presented in this chapter.

5.2 Friction heat flux model

This model is developed on the basic approach given by Roberts [6] and Koot [62],

which is based on the following relation for friction heat flux

q! = T.‘/,-d (5.1)
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where 7 is friction stress, V,,; is relative slipping velocity and g; is friction heat flux.
Friction stress obtained from pressure module will be utilized in evaluating friction
heat flux at the interface. The model given by [6] and [62] have been modified by

using friction stress expressions of Gerved [61] given as
T = pp (5-2)
for friction stress less than limit of proportionality i.e. 7 < 7’ and
=7 +(0.55f - r)(1 - ezp((p' ~ p)C3)) (5.3)

for pressure greater than limit of proportionality i.e. 7 > '. Where p’ and 7' represent

the limit of proportionality as

P = V3S, (5.4)

r = 058, (1 -Vi= f)
the magnitude of relative slipping velocity V,. can be obtained as

Via=V. -V, (5.5)
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where strip velocity V, has been calculated by the continuity of mass. From entry

zone up to neutral point it can be expressed as

"..y = Vroyn (5.6)

and from neutral point up to exit zone

‘,r-yn = V..y (5.7)

where y is any arbitrary strip height and y, is the strip height at neutral point, given

by

Yy = Yo+ 2R(cosbr — cosh) (5.8&)

Un = Yo+ 2R(cosbr — cosb,) (5.8b)

where y, is strip height at the entry section, 67 is the total bite angle, 4, is the angle
of neutral point obtained from pressure module. Using above mentioned relations
from equations (5.6) to (5.8b) into equation (5.5) will give

Voo = 2V, R(cos 8, — cos8)
rel = Yo + 2R(cos 81 — cos )

(5.9)

Figure 5.1 represents the dimensionless plot of relative slip velocity distribution be-
tween roll and strip at the interface region. A zero value occurred at the neutral point

that shows both roller and strip have same velocity values at that point
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Figure 5.1: Relative slip velocity between roll and strip interface.
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5.3 Deformation energy generation rate

Heat is generated in the workpiece because of plastic deformation. Research
indicates that almost all of this deformation energy is converted into heat. After
conducting a detailed literature review, it has been found that little attention has been
given in deformation energy issue. Previous studies [10], {34], [37], [38], [43],and [46]
either used integral value of deformation energy or employed direct measured values
obtained from a rolling mill. The information available regarding this issue are hazy
in the literature.

In this work an analytical expression has been developed in order to obtain dis-
tribution of deformation heat generated in workpiece. Considering the following as-

sumptions
1. Rigid plastic material behavior
2. Plane strain deformation

3. All deformation work is converted into heat

An analytical expression has been obtained for evaluating deformation heat gen-
eration rate per unit volume in the workpiece for rolling process. Consider a small
strip element of volume dV' between the roll gap that has initial height y, and after
deforming its height becomes y;. If 7 is the mean true stress, ¢ is the mean strain

rate then for this element, rate of deformation work (or energy generation rate) can
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be expressed as
Ep= / Ftadv (5.10)

where Ep is the deformation energy generation rate. Since element is small; therefore,
stress and strain variations can be assumed independent of volume change. Thus, rate

of deformation work per unit volume can be expressed as

®
]
Qj
mle

(5.11)

As discussed in Chapter 4, strain hardening of the material is assumed to be in accor-
dance with the Swift equation so that prior cold working effects can be incorporated.

The Swift equation is given by [3]
7= K(e, +8)" (5.12)

by using Swift equation (5.12) into equation (5.11), the resulting deformation energy

rate per unit volume is given by

e=K(e, +8)"¢ (5.13)



The von Mises effective strain (¢) and effective strain rate (';')ca.n be written as

2
€= — 14
€ 361 (5.14)
hd 2 .
= — 5.15
3 ¢ (5.15)

substitution of equations (5.14) and (5.15) into equation (5.13) gives

2 2 "
e= 7§'K (Eo -+ ﬁel) € (5.16)

where stain €;, and strain rate ¢, for small strip element in the rolling process can be

expressed as
n
=n|= 5.17
o =in(L) (5.17)
. € Ve n
- =Y, (0 1
1= time Al In (yg) (5-18)

where y; is elemental initial height, y is elemental final height, Al is the width of
elemental region and V, is the velocity of that element. By using equations (5.17)

and (5.18) in equation (5.16) , the deformation energy rate (e) for small strip element



can be expressed as

e= :"—/_% (eo + %m (:—:))"zn (yyi (5.19)

strip velocity V, in the bite region is given by equation (5.6)

(5.20)

finally substituting equation (5.20) into equation (5.19) results in

2KV,.y,. ( 2 (yx)) (yx)
— o + —=1 = l - 21
e= \/_ ] € + \/_ n n ” (5 )

Pre-strain coefficient ¢, which occurs due to prior cold working remains small. It has

been found that neglecting its value does not affect the magnitude of deformation

energy significantly (+0.1%). Therefore, for €, = 0

KV,yn ( 2 (yx))"“
e=———|——=in{ = 5.22
yAl \V3 \n (5:22)
where V; is roll velocity and y, is strip height at the neutral point. The above derived

equation is used for calculating deformation energy rate in the strip at the bite region.

5.4 Description of heat flux module

Figure 5.2 describes the developed module that consists of friction heat flux model

and a model for deformation heat generated in the workpiece. Friction heat flux ‘qs’
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at the interface has been obtained as a function of various parameters

qr = f(l“', Py ‘/rels T,¥¢, Rv 01') (5.23)

where u is the friction coefficient, P is the pressure, V,, is the relative slip velocity,
T is the shear stress, y; is the final strip thickness, R is the roll radius, 67 is the bite
angle. The deformation energy density rate ‘e’ has also been calculated as function

of different parameters

e= f(Kr Vu Yo, ¥t Lr R1 01') (5-24)

where y, and y;, are initial and final strip thicknesses. K is strength coefficient, V,
is the strip velocity, L is the arc length. The outputs from heat flux module has
been incorporated in the Roll temperature module for predicting roll temperature

distribution as shown in Figure 5.2
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Figure 5.2: Heat flux prediction module
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Chapter 6

Temperature Distribution Module

6.1 Introduction

Heat is generated in the rolling process at the roll and workpiece interface due
to friction at the contacting surfaces and deformation in the workpiece. This heat
flux through the bite region entered towards the roll resulting in roll temperature
rise. Understanding of roll temperature is necessary for protecting its life as well
as designing proper cooling system. In this chapter temperature distribution over
the rotating roll has been predicted. The Temperature module is based on semi-
analytical model for calculating temperature distribution over the constant speed
rotating cylinder that is subjected to uniform heating and cooling cycles over its

surface.

6.2 Importance of non-linear heat flux

As it has been discussed in Chapter 3 that heat flux entered into the roll is not
remained uniform over the bite region, Figure 6.1 shows the non-uniform heat flux
behavior at the interface. Research indicates that this flux is not remained constant
over the whole bite length [6]. Yuen [20] in his investigation recommended that non-

uniform heat input should be taken into consideration. It is explicitly crucial because
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Figure 6.1: Actual heat flux distribution at the bite region.
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non-linear heat flux distribution may not only affect the maximum temperature and
temperature gradients in the neighborhood of the roll gap but it may also influence the
distribution of overall temperature especially in cases when large reduction is required.
Roll stress values may also be affected when variable heat flux is introduced in the

modeling. In present analysis this non-linear heat flux behavior has been considered.

6.3 Modified Temperature Model

This model is based on the classical work of Patula [17]. The temperature model
of [17] was developed by assuming uniform heat flux entered towards the roll. The
governing differential equation for steady state two-dimensional heat transfer problem
of a cylinder rotating at constant speed with respect to fixed Eulerian coordinates is

given by [56]

2
16(61") 16°T V, aT (6.1)

ror\ or) 1?66 o, R00

where V; is roll surface speed, h is convective heat transfer coefficient, a, is thermal
diffusivity and R is the roll radius. Here, the interest is to obtain the unknown
temperature distribution T, which is temperature difference between the roll and
coolant (that is T = T, ~T,, where T, is actual roll temperature and T,, is surrounding
or coolant temperature). For simulating actual heat flux distribution at the interface,
the bite region (where flux enters to the roll) has been divided into ‘M’ number of
small regions and then an assumption of linear variation of heat flux in each small

region is made. This approach is appeared to be more realistic and practical, because
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it properly models the variation of heat flux at the interface that is not considered

by the previous investigators. The modified model is described in Figure 6.2.

6.3.1 Boundary conditions

For the modified roll model, heat flux boundary condition for a single elemental

region can be written as

-h% = —q:, 0i<b< 6in1 (62)

where gr, is heat flux entering towards the roll for any arbitrary element j, j is the
number of elemental region that varies from 1,2,.....M (Figure 6.2), superscript e
shows quantity related to the element, subscript i indicates values at nodes of element
and varies from 1,2, ......... M + 1 (Figure 6.2), k, is thermal conductivity for roll

material. For the whole domain, boundary conditions for the present model will take

following form
¢ M )
_Zq:j 0;(9(0.‘.‘.1
=1
aT .8 0 01-<0<C¥+01'
ALY (63)
hT (R, 6) a+0r<b<a+br+y
0 a+0r+y9P<6<22r
\ /

where M indicates total number of elemental divisions. Following the same assump-
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tion adopted by [17], the solution of differential equation (6.1) can be written as

T = R(r)e™ (6.4)

where R(r) is a complex function. Using equation (6.4) in equation (6.1) will give

ER 4R nV,
2 —[;P¥r 2 .2
"t (zﬁ r +n)¥t 0 (6.5)

By introducing the following change of independent variable similar to [17]

nV;
= (6.6)
in equation (6.5) will give
R 4R .
z’m + T = (iz®+n?)R=0 (6.7)

The general solutions of above equation (6.7) are called Kelvin function and can be

found in [63]. The existing solution for the present problem can be written as

R = ber, (z) + ibein (z) (6.8)

where ber, (z) and bei, (z) are called real and imaginary parts of Kelvin functions re-

spectively. Kelvin functions are related to the Bessel functions J, (z) , with a complex
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argument; that is J, (zeq’) = ber,(z) + ibein(z), where i2 = —1.
By using same superposition principle as used by (17], a generic form of solution

to the original differential equation (6.1) can be written in the form of equation (6.4)

ibein (1| Tocr)]e™ (69)

where A,is a complex constant. Upon simplification the following form is obtained

T(r,0) = Z Apfber,(

T.(R,0) = T+ B, + i Bn[bera(An)cos(nf) — bein(\,)sin(nd)] (6.10)

n=l

+Chlbern(An)sin(nd) + bein(An)cos(nd)]

where

nPe (6.11)

and B,, B, and C, are real constants. Pe is the Peclet number that is proportional to
. . T,

the ratio of bulk heat transfer to the conductive heat transfer (——L-m:‘;‘;‘::‘,‘.:::"‘az f")

and is used in heat transfer in general and forced convection calculations in particular.

The following modified relations have been utilized for transforming the Kelvin

functions of negative order and imaginary arguments

ber_, (iz) = [cos (3;") ber, (z) — sin 3%) bei, (z)] (6.12)
bei_, (iz) = —i® [cos (3"") bei,, (z) + sin (ﬂ) ber, (z)] (6.13)
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Since solution is in the form of Fourier series with respect to §, the temperature
gradient & |,z also represents a Fourier series as a function of 8. Thus, the real
constants in equation (6.10) can be evaluated by expanding the boundary condition
given by equation (6.3) in Fourier series. According to [17], the right hand side of

the boundary condition (6.3), can be written with Fourier series expansion in the

following form
4 M \
—ZQ:J 0¢<0<0§+1
Jj=1
0 Or<b<a+ or
f(0) = > (6.14)
hT (R, 6) a+br<f<a+r+vy
0 a+0r+9Y<0<2n
\ s
and
f(6) =3+ emcos (mb) + gmsin (mf) (6.15)
m=1
where
1 2
em = = f (8) cos (mb) dé (6.16)
0
1 2r
gm == / f (8) sin (m#) do (6.17)
0
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The Fourier series expansion of the right hand side of boundary condition is equated
with the first order derivative of temperature field 7', presented by equation (6.10)
and then coefficients of similar trigonometric functions are compared. In this way

following system of linear equations has been generated for calculating set of unknown

constants.
) ) [Bohxl
[Fi]1x1 [Gi(n)lixa  [Hi(n)]ixn [@1]1x;
[BN]nxl
[F2(m)lmx1  [Ga(m, n)|mxn [H2(m,n)]mxn [Q2(m)]mx; { r =0
[CN]nx1
[F3(m)]lmx1 [Ga(m, M)lmxn [H3(m,7)lmxn [Q3(m)]mx;
) @i

(6.18)

where B,, By,Cy and §, ; are sets of unknown constants. The average roll heat flux
over an elemental region is 4, = :i i+ gr,df. The above system of equations (6.18)
has four sets of unknown constants along with three sets of linear equations. In order
to solve this system of equations another set of linear equation is needed, which comes

out from compatibility condition.

6.3.2 Compatibility condition

In a perfect contact temperature at any material point of roll surface in the
bite region is equal to the corresponding material point on the strip surface. Tseng
et al. [34] discussed compatibility of temperatures at the interface during rolling of
metals. They mentioned that, though, pressure is very high; some coolant film or
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scale could be accumulated in the interface that generates a non-perfect contact and
thermal resistance for this case needs to be considered. It was discussed that the

compatibility of temperature at the interface can be expressed as

I, Iy=y.= T, Ir=R .C (619)

where T |,=r is temperature for the outer roll surface at the bite region, T, |,o, is
strip surface temperature at the bite region and C is thermal resistance parameter
which should be calculated experimentally. By assuming a perfect contact between
the roll and strip, a value of C = 1 has been set in the present analysis.
Compatibility of heat flux should have to be satisfied at the interface. From the
physics of problem, it is obvious that heat flux out of strip plus friction heat flux

must be equal to the roll heat flux, i.e.,

& =q,+qy (6.20)

>

where g, is heat flux for strip, g, is heat flux generated due friction at the interface, ¢,
is heat flux entering to the roll. For using compatibility of temperature,we need strip
temperature distribution at the bite region along with roll temperature distribution.

A contribution in compatibility condition is that it has been developed for each
single element; that is, first the bite region has been divided into ‘M’ number of
elemental regions then roll and strip temperature equations have been evaluated for

each element. For a single element the modified forms of above two compatibility



equations are given as

T'aj IV’V-,= Tr,' lr=R 'Cj (621)

Qr, = qa, + 7/, (6.22)

where subscript j is the number of elemental region that varies from 1,2,

(Figure 6.2), Ya;.is the height of elemental region j and bar represents elemental

average.

6.3.3 Strip Temperature Model

As the requirement of compatibility of temperature at the interface, workpiece
(strip) temperature distribution needs to be evaluated. For this purpose, the ana-
lytical model given by Tseng et al. [34] is utilized, again this model has also been
modified for ‘M’ number of regions as shown in Figure 6.2. Mathematically the
governing partial differential equation for strip temperature is given by [56]

T, V,0T, e
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with the division of strip into ‘M’ number of small elements at the bite region the

boundary conditions for a single element will become

T., (Zi, y) = le_]_ (zii y) 0 S y S ya, (6'248)
M = ( <=z < Tivl (6.24b)
Oy
M
k'Ej(a?—%’)- = Zq:’ z; <z <3y (6.24¢)
=l

where 7¢ ; is the uniform heat flux out of single strip element. It is linearly varying in
the small elemental region, mathematically 7, = f Tkl ge q5;,dT. Ya, is elemental strip
height and T,, elemental strip temperature. By solving above system of equations,

the following expression for evaluating strip temperature distribution is obtained

_ U\ 8, (2 —i1) | ;Y 1 [y 2
Tu - le—l+ (eJ ya,) kV’ + 2k 3 Ya (6'25)

5 () Z Fror - () 2772 (52)

By using compatibility of temperature and heat flux given by equations (6.21) and

(6.22), following equation is obtained

[Bo] Ix1

[BN]nxl
[Filixt [Gi(n)lixn [Hi(m)]jxn [Qjlixj ] 4 r =1{[Plixi}  (6.26)
[CN]nxl

L [_q.r, ]jxl
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Combining equations (6.25) and (6.17) will result in

[Fi]1x1 [G1(n)]1xn [H1(n)]1xn [@i]1x; (Bol1x1

[Fﬁ(m)]mxl [Gz(m, n)]mxa [HZ("lw n)]mxu [Q2(m)]mxj [BN]nxl
. e = {[Pljx1}
[Fs(m)]mxl [Gs(m, n)]mxn [H3(mi n)]mxn [Qa(m)]mxj [CN]nxl

[Filix1 G;i(n)]ixn [Hj(n)]xn [Qjlix; | @l J

(6.27)

Once constants are known, equation (6.10) will be used to obtain the temperature
distribution over the roll. It should be noted that there are two unknown parame-
ters that exist in strip temperature (T,,) expression, equation (6.25); one is friction
heat (g7) and other is deformation heat (e) energy. In current study distributions
of friction and deformation energies at the bite region have been evaluated. Semi-
analytical model for evaluating friction heat flux at the interface and deformation
heat generation rate in the workpiece have been developed as discussed in Chapter
five. A FORTRAN computer code is developed for determining the sets of unknown

constants in the above system, which will be discussed in Chapter eight of Results

and Discussions.

80



Chapter 7

Roll Deformation Module

7.1 Introduction

In its beginning epoch, rolling theories assumed that roll remained rigid when
comes in contact with the workpiece. This assumption can be justified while analyzing
rolling of soft material with large reduction, but for rolling of tough material or thin
sheets, this assumption is not valid because roll flattening occurs. In roll flattening
phenomenon, when roll comes in contact with the workpiece it becomes flatten and
the arc of contact is increased considerably. This type of behavior occurs only in
temper rolling. For normal rolling condition, the work roll appears to deform in
such a way that the arc of contact is generally regarded as possessing a curvature
corresponding to a deformed work roll radius R’ which is larger than the actual roll
radius [6]. Thus, it is said that roll and strip deformation is highly coupled. Contact
stresses and thermal load occurred due to strip contact, result in roll deformation.
Finally, any change in the roll profile or shape directly affects the product. Product’s
shape could be distorted, its final size would be changed and surface finish would also
be ruined. In order to control the required output specifications, careful analysis of
roll deformation is the key. Once deformed roll diameter is known, one can predict

the required strip thickness. Also roll flattening has significant effects on rolling force
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estimation in rolling of thin gauge strip. In addition to this, information about strains
and stresses in the roll is necessary for evaluating whether yielding of the roll material

is occurred. Therefore, by considering these aspects roll deformation analysis has been
performed in this module.

7.1.1 Modeling Roll Deformation Effects

Roll Deformation occurred in rolling process changes the roll bite geometry that
finally influence the strip deformation. Many investigators have proposed different
techniques for modeling roll/strip deformation coupling effects, a good bibliographic
review can be found in [64] and [65]. Hitchcock [66] was the first who calculate
the deformed roll radius R’ by assuming circular arc of contact at the bite during
roll deformation phenomenon. His proposed model is commonly known as Hitchcock

formula and is given by [3]

_ 16(1-2) F
R=R (1+—?E—A—y) (7.1)

where

R = (initial roll radius
v = Poission’s ratio
E = Young’s modulus of elasticity
Ay = Yo—ys
F = Rolling for per unit width of workpiece
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Hitchcock formula has a significant importance in rolling theory. This formula is al-
ways used in combining with slab method [64], and an iterative procedure is necessary
because of coupling. Ford et al. [67] and Bland et al. (68] modified this relation by in-
troducing the effects of entry and exit elastic zones in the strip and for strip tensions.
Alexander [55] provided a classical form of this analysis. From the past until now,
this relation is very much utilized in many studies for evaluating deformed roll radius.
Good precision and fast computing speed are the marked advantages of using this
formula. Off course some limitations are present there, for rolling processes with low
reduction and in thin hard strip rolling, the iterative procedure does not converge and
the analysis is affected. Jortner et al. [69] used elastic influence functions for mod-
eling roll deformation; they were the first who account non-circular contact arc of
the deformed roll surface. Finite element method is also utilized for roll deformation
analysis and a review is given in [65]. In current study thermo-elastic finite element
analysis has been performed in order to model roll deformation phenomenon and a

comparison is made with Hitchcock formula.

7.1.2 Modeling Roll Stresses

Many studies have been done for investigating rolling process, and results have
been reported in the literature for predicting temperature distribution in both roll
and strip. But for predicting stresses and deformation behavior in rolling process
most of the studies limited to the analysis of strip and little attention has been
given to the evaluation of roll stresses and deformation behavior. Cerni et al. [27]

discussed transient thermal stress problem of hot rolling. By assuming 360 degree
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uniform convective cooling and heat input as a line heat source, they developed an
infinite series solution for stress distribution of a two dimensional roll model. Troeder
et al. (18] studied the same problem of hot rolling given by Cerni et al. [27] with
the inclusion of third dimension. They did not provide calculation details; and heat
generated due to plastic deformation of strip was not included in the analysis. By
employing uniform heat flux distribution at the bite region and convective cooling
over the remaining roll portion, Tseng et al. [24] predicted roll thermal stresses.
They analyzed thermal stress behavior as steady state and by utilizing general stress
function, a traction free roll surface has been modeled which is not considered by
Cerni et al. [27]. By considering strip and roll as semi infinite solids, Chang [70]
obtained one dimensional steady state solution for thermal stress in the integral form
for a rotating roll at high Peclect number. He considered non-uniform heating at
the interface occurred due to friction at the interface and plastic deformation in the
strip. All above mentioned studies involved roll stress determination by considering
thermal only. In current work, roll stresses have been evaluated by considering both

thermal and mechanical loads.



7.2 Developed Model

It has been discussed earlier that pressure and friction stress are present at the
contact surfaces of roll and workpiece, along with this heat is also generated during
metal rolling process, a significant portion of this heat is conducted towards the roll.
Consequently, temperature changes occurred in roll and strip and it is necessary that
both temperature and mechanical load be considered in analyzing roll deformation
phenomenon and evaluating roll stresses. The proposed roll deformation model is
more practical and reliable, because it is capable of modeling mechanical as well as
thermal load applied over the roll. The proposed algorithm is based on following
assumptions:

(1) Roll depth is very long as compare to it diameter thus variations of strains in
axial direction are negligible, that is plain strain case

(2) Temperature and stress variations at the roll center are negligible

(3) Roll material behavior remains in elastic range

(4) Properties for roll material are isotropic

A thermoelastic finite element model has been developed by using commercial
software ANSYS (71]; the mesh is shown in Figure 7.1. Pressure and friction stress
generated at the contact have been used in the analysis with the help of pressure
module, so that strip reaction at the roll can be modeled. Along with this, tempera-
ture distribution obtained from roll temperature module has also been incorporated
in the calculations. Thus, problem has been analyzed thermo-mechanically in order

to obtain stresses and deformed roll radius. Following basic stress-strain relations
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Figure 7.1: Finite element mesh for roll.
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used and detailed description of finite element model have been discussed.

7.2.1 Stress modeling

The stress is related to strain by

{o} = (D] {e} (1.2)

where o is the stress vector, D is the elasticity matrix and

{e} = {e} - {*} (7.3)

where {¢} is the total strain vector and {e**} is the thermal strain vector.

Equation (7.2) may also be written as

{e} = (D] {o} + {*} (7.4)

Since the present case is plane strain, and the material is assumed to be isotropic

with no initial stress, the above stress-strain relations can be written as

€pr = % [d" e 4 (0'00 - 0’3:)] + athT
€9 = % [ooe — v (0 — 023)] + anT (7.5)
_1

where E is the modulus of elasticity, G is the modulus of rigidity, v is Poisson’s ratio,
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@z, is the coefficient of thermal expansion and 7 is the temperature rise at a point

(z,y) at time t with respect to that at ¢t = 0.

A typical component of thermal strain from equation (7.5) is
é‘h = Q4p AT = Qeh (T - T.-,,)

where T, is the reference temperature at ¢ = 0.

If oy is a function of temperature, equation (7.6) becomes

T
eth = / awm (T)dT
Trol
The present study uses a mean or weighted-average value of a.,, so that
€ =@ (T) (T = Trey)

where

Jr,., @ (T)dT
T- Tref

agh (T) =

(7.6)

(7.7)

(7.8)

(7.9)

Thus, &, (T') is the mean value of the coefficient of thermal expansion. The principal



stresses (o, 03, 03) are calculated from the stress components by the cubic equation

Orr — Op Cro

Tor Ogo — Op

where o, is the principal stress.

The von Mises or equivalent stress o’ is computed as

o= \/% x % [(61 = 2)* + (62 = 03)* + (03 — a1)?]
The equivalent stress is related to the equivalent strain through
o = E¢
where € is the equivalent strain.

7.2.2 Calculation procedure for stresses

(7.10)

(7.11)

(7.12)

The standard displacement-based finite element method is used for computing

stresses in the roll. The basis of this approach is the principle of virtual work, which

states that the equilibrium of any body under loading requires that, for any compatible

small virtual displacements (which are zero at the boundary points and surfaces and

correspond to the components of displacement that are prescribed at those points and

surfaces) imposed on the body in its state of equilibrium, the total internal virtual

work or strain energy, 6U, is equal to the total external work due to the applied
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thermally induced loads, 8V, i.e. §U = §V. For the static analysis of problems with
linear geometry and thermoelastic material behavior, the following equation can be

derived using the standard procedure [72]:

[ (@7 0106 - o1 av = [ o0y {2y av .13)
+ [6uyT Py as + 3 (5TY (F)

where {f8} is the applied body force, {P} is the applied pressure vector, {F} is
the concentrated nodal force to the element, {6U,} is the virtual displacement on
the boundary where pressure is prescribed and {6U} is the virtual displacement of
boundary nodes where a concentrated load is prescribed.

The strains may be related to the nodal displacement by

{e} = (BI{T} (7.14)

where [B] is the strain displacement gradient matrix and {U} is the vector of dis-

placements within the elements. These are related to the nodal displacement by

{U} =N {T} (7.15)

where [N] is the matrix of shape (or interpolation) functions.
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Equation (7.13) can be reduced to the following matrix form:
(K] {T} - {F*} = {F°} + {F*} + {F} (7.16)

where [K.] = [, [B]" [D] [B]dV is the element stiffness matrix, [F*] = [, (BI" [D] [¢*] av
is the element thermal load vector, [F*] = [, [N]T {8} dV is the body force vector,
[F?] = J; [Na]T {P}dU is the element pressure vector and [Vn] is the matrix of shape
functions for normal displacement at the boundary surface. The assembly of element

matrices and vector of equation (7.16) yields

(K] {d} = {R} (7.17)

where (K], {d} and {R} are the global stiffness matrix, global nodal displacement
vector and global nodal load vector respectively. Solution of the above set of simul-
taneous algebraic equations gives unknown nodal displacements and reaction forces.
Once the displacement field due to temperature rise and mechanical load is known

the corresponding strains and stresses can be easily evaluated.
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Chapter 8

Results and Discussion

8.1 Introduction

This chapter consists of the implementation of previously discussed modules. Re-
sults obtained by performing different parametric studies have been presented. First
an algorithm developed for the evaluation of real and imaginary parts of Kelvin func-
tion has been discussed and results are compared with the available literature. Than
a practical rolling case chosen from the literature is used in order to check the appli-
cability of developed modules and algorithm, and comparisons have been made with

the available data.

8.1.1 Temperature algorithm

As discussed earlier, the general solution of equation (6.1) for calculating temper-

ature distribution over the roll is given by equation (8.1)

T.(R,0) = T +bo+ f: bn[bera(An)cos(nb) — bein (A, )sin(nd)] (8.1)

n=1

+cn[bern(An)sin(nf) + bein(An)cos(nb)]
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where

nV.R
a,

An = (8.2)

Bo, B, and C, are real constants and ber,()\,) and bein()s) are the real and imagi-
nary parts of Kelvin functions, respectively. The real constants can be evaluated by
equating first order derivative with respect to radius (r) of above equation (8.1) with
expansion of boundary condition in Fourier series and then comparing the coefficients
of similar trigonometric functions. Mathematically, infinite number of real constants
B, and C, can be generated which means that infinite number of linear equations
could be formed for calculating these constants. Implementation of this theory is not
possible so a finite number of terms (n) must be held on to the series solution. Some
authors Patula [17], Yuen [20] and Tseng [25] discussed this issue and reported their
results by using different number of terms (n). Tseng [25] investigated in details that
how the temperature distribution over roll is affected by varying the number of terms
(n) of series expansion. But nobody reported about the expansion of coefficients of
Kelvin function that is ber,(\,) and bei, (An).

In the analytical solution of roll temperature distribution equation (8.1), bera(An)

and bein(As) are ascending series, for a real argument r that can be written as [63]

1 \e=cos{(3n+1k)7} /1 \*
bera(z) = (5‘) }L:a KT (n + P 1) (5”) (83)
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o= () SHEEL (1) e
where n is real, z is real and non-negative and k is index of infinite series. Unfor-
tunately, the available literature did not clearly mentioned the limitation of above
series expansions. In the above equations, computational errors will arise when z
becomes large and in some cases the calculated number becomes so big that it crosses
the computer memory and computational scheme crashes. Basically, the above men-
tioned series expansions for Kelvin function will only work for small values of z. For
large values of z asymptotic expansion of Kelvin function has to be considered, which

is expressed in terms of modulus and phase forms, given by (63]

bern(z) = M, cos b, (8.5)

bein(z) = M, sinf, (8.6)

where modulus (M,) is

et p-11 =11 (p—1)(u®+14u- 399) 1 ( )
n= - - +0
M 27z {1 8V2 z * 956 2 61442 o

(8.7)



and phase (8,) is given as

_z (1 1 p=11 p-11 (p—1)(s-25)1 1
O = +(n )"+8\/§x+ 16 z? 38412 §+O(?)

(8.8)

In the present study the above two expansions (one for small and other for large
argument) have been categorized as method—1 and method—2. Method—1 consists
of series expansion given by equations (8.3) and (8.4), whereas method—2 involves
calculations for large arguments given by equations (8.5) to (8.8). In all foregoing
discussions these two classifications will be used for the series expansions.

In current study a combined ascending-modulus algorithm based on numerical
expansion of Kelvin function has been developed, in order to check the validity and
limitations of method—1 and method-2. An Un-Coupled case of rolling studied by
Tseng [25] has been chosen for implementing the current (algorithm) analysis. The
heat input g, at the bite region of 87 = 10° is assumed to be uniformly distributed
and uniform convective cooling h, over the remaining portion of 350° is also consid-
ered. Forty (40) terms (n) of infinite series solution has been retained for the present

analysis whereas Tseng [25] used 200 terms (n) of series solution. Since the argument

of Kelvin function is \/—E? , or more precisely the square root of Peclet number
vnPe, different studies have been performed by varying Peclet number (Pe) from
10° to 10° and with Biot number (B?) equal to 10. Biot number (Bt) did not vary
because changing Biot number only produces a shift in overall temperature level.

For Pe numbers 103, 10* and 10° the respective plots of normalized temperature
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over the roll surface are shown in Figures 8.1 to 8.6. At Pe = 103, the temperature
curve obtained by method—1 is closed to the one given by Tseng [25] see Figure
8.1 (full view). It is interesting to note that method—1 is also sensitive to k which
is the index for ber,(An) and bei,()\,) expansions. When we set k = 40 the peak
of method—1 was below the peak of Tseng [25] but as k increased, the peak also
increased and for k = 77 the peaks of two curves were almost equal as shown in
Figure 8.2 (zoom view). For k > 77 the numerical algorithm did not work and crash.
Since, in the present analysis only 40 terms has been incorporated, it is expected that
a close approximation could be achieved by increasing number of terms (n).

For Pe = 10%, the temperature plots are shown in Figure 8.3 and 8.4. The
disagreement between actual curve and the curves of method—1 indicates that for
large arguments of Kelvin function method—2 should be used. Although the curve
obtained from method—1 indicates a tendency towards the actual curve when k is
increased but after a certain limit on k (k > 63 for this case)the algorithm crashed.
Again, a closed match between present analysis and the curve of Tseng [25] can be
obtained when the number of terms (n) for infinite series solution are increased.

At Pe = 10°, the curve of method—2 exactly matches with the curve of [25]
(refer to Figure 8.5 and 8.6). This indicates that for relatively large arguments in-
creasing the number of terms (n) in the infinite series solution does not have a signif-
icant effect.

On the basis of above discussions it can be concluded that for analyzing a typical

rolling process
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Figure 8.1: Normalized temperature distribution over the roll for Pe = 1000.
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Figure 8.2: Normalized temperature over the roll; zoom view for 20 degrees from
the entry side.
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Figure 8.3: Normalized temperature distribution over the roll for Pe = 10, 000.
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Figure 8.4: Normalized temperature over the roll; zoom view for 20 degrees from
the entry side.
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Figure 8.5: Normalized temperature distribution over the roll for Pe = 100, 000.
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Figure 8.6: Normalized temperature over the roll; zoom view for 26 degrees from
the entry side.
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e At high Peclet number method—2 will give better results and
e For low Peclet number method—1 will give better results.

® Method-1 is sensitive to k which is the index for kelvin series expansions. This

sensitivity is insignificant for very large arguments of ber,(z) and bei,(z).

e The sensitivity of algorithm with respect to number of terms for infinite series

solution is decreased for very large argument.

It is important to note that very large argument lies in the range of > 3 x 102 for
the present analysis. This number has been found after performing several numerical
- tests. Oscillatory behavior of the curves shown in Figures 8.1 to 8.6 is discussed
by Tseng [25], he mentioned that these oscillations represent inherent behavior of
the Fourier series solution associated with large change within a small bite angle.
This phenomenon is known as Gibbs phenomenon. Kovach [73] explained that this

phenomenon persist even though a large number of terms are summed.

8.2 Results for Actual Rolling Data

8.2.1 Introduction

The data for implementing the developed modules has been obtained from Tseng
et al. [34], for cold rolling of Aluminum alloy 1100 and is given in Table 8.1. The
values obtained from the actual operating conditions of an aluminum rolling mill, a
Devy-Loewy four-high cold strip mill located in Martin Marietta’s plant. The data

also includes measured value of the final strip thickness (y;).
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Table 8.1: Mechanical properties and data used in the analysis [34].

Strip material 1100 Al Alloy
Roll material Steel Alloy
Strip entry Gauge (o) 0.259 cm
Strip exit Gauge (yr) 0.159 cm

Strength Coefficient for Al Alloy (K) 160 M Pa
Strain Hardening Exponent Al Alloy (n) 0.2¢

- Yield Strength for Al Alloy (ay) 34.5 M Pa
Fricrion coefficient (1) 0.05
Entry tension (os) 12.065 M Fa
Exit teasion (oy) 1.9677 M Pa
Rall radius (R) 25.4 em
Roll surface speed (V) 10.91 m/s
Bite angle (6r) 3.51°
Yield Strength for Steel Alloy (o) 220 M Pa
Cooling angle (¥) 356.49°
Modulus of elasticity (E) 69 Gpa
Poission’s ratio (v) 0.33
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8.2.2 Flow Chart

In order to check the validity and applicability of the developed modules, two
computer codes named ROLLTHERM and ROLLDEFORM have been developed
and successfully coupled. The coupled ROLLRTHERM-ROLLDEFORM algorithm
is shown in Figure 8.7. Computer code ROLLTHERM is composed of three different
modules; that is, pressure, heat flux and temperature modules. It works in such a
way that first by setting process parameters (structural, thermal, mechanical) for a
cold rolling process it predicts pressure and friction stress at the interface by using
the pressure module, then it calls the heat flux module for calculating deformation
and friction heat energies, finally, it utilizes temperature module for calculating tem-
perature distribution over the roll surface. The developed temperature algorithm is
also incorporated in the temperature module of program ROLLTHERM. For per-
forming roll deformation and predicting stress distribution ROLLDEFORM code has
been written. It consists of roll deformation and residual stress module. The com-
puter code ROLLDEFORM utilizes the mechanical and thermal loads evaluated in
the ROLLTHERM code for performing roll deformation analysis, deformed roll radius
and resulting stresses have been obtained here. The deformed roll radius is utilized
for next step calculation. An iterative procedure is implied over the entire developed
coupled module and a convergence criteria is made until error in calculated deformed
roll radius becomes very small. At the end stresses are calculated for the converged

value of roll radius. Following some results have been discussed.
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Figure 8.7: Developed combined algorithm for temperature prediction and roll

deformation analysis.
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8.2.3 Pressure distribution

The pressure module of computer code ROLLTHERM has been utilized to eval-
uate pressure distribution at the interface. This module consists of a fourtb order
Runge-Kutta scheme for solving low and high pressure equations discussed in the
pressure model. Calculation for pressure distribution can be started either from the
entry or exit side of the process. The algorithm works in such a way that initially it
calculates the pressure by the low pressure equation (4.15) indicated in Chapter 4,
when the value of pressure crosses the proportionality limit, then calculation transfers
on the high pressure equation (4.17). The point of maximum pressure (pressure hill)
determines the location of neutral point. Pressure distribution is shown in Figure
8.8 for different. numbers of elemental division of strip at the bite region. It can be
seen that for a course number of divisions pressure distribution was niot correct and
location of neutral point was varying, but as the number of divisions increased from
S up to 200 the location of nentral point converged. For 400 number of elemental
divisions, neutral point was same as that of 200 so in present study of rolling process
maximum number of elemental division is 200. The highest peak point of pressure
hill determines the location of no-slip or neutral point. Once pressure is known, shear
stress can be calculated. Shear stress 7 is positive at the roll surface before the neu-
tral point, when the neutral point is reached it becomes zero and thgn changes its
sign. This behavior is obvious from friction stress distribution curves shown in Figure
8.9. Again friction stress distribution is also converged towards a neutral point by

increasing the number of divisions of strip at the roll gap.

107



300

/ N
250 /
/ = N
200
E Il/-——(
e e
s 150 : S
g /A "’.'..TF-S"' A |
& —g— S clements
S 100 |1/ '
] rjg —a— 10 elements
cmmg— 50 elements
so ¥+t 1 iy 100 elements }
200 elements
ol O N 1+
0 0.01 0.02 0.03 0.04 0.08 0.06
Arc length (m)

Figure 8.8: Pressure distribution at different number of division for the bite angle.
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8.2.4 Heat Flux distribution

Table 8.2 indicates the data used for heat transfer analysis by [34]. Friction stress
distribution calculated from pressure model is used in calculating friction heat flux
distribution at tool and workpiece interface. Figure 8.10 shows friction heat fux
distribution at the interface, as it can be seen that friction heat flux is not remained
uniform at the whole bite region. By increasing elemental division a convergence in
the plot indicates the accuracy of current work, also the uniform (constant) value used
by [34] is shown in the same figure. Although some recent studies for example [37]
and (38], consider distribution of friction heat flux at the interface, but they did not
provide enough information about how to calculate the distribution of deformation

energy in workpiece. In present work, the following expression

B K‘/,-yn 2 .y_l n+l
=S (7 () &

which is developed in Chapter 5 has been used for calculating the distribution of
deformation heat generated in the strip. During its derivation, it is assumed that
stress and strain remain independent of volume change in the deforming strip. This
assumption may become more realistic when the above mentioned equation (8.9) is
developed for small elemental regions. Since, the part of strip at the contact region
has been divided into ‘j’ number of small elemental regions; therefore, for a single

element deformation energy rate can be expressed as

= ngu (\/' (y,ﬂ))m (8.10)
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where j indicates the elemental regions that vary from 1,2,....M. e; is the deforma-
tion energy rate for element j, y; is strip height for any arbitrary elemental region j
and Al; is the width of elemental region.

Tseng et al. [34] used a uniform (constant) value for deformation energy rate.
Figure 8.11 shows the variation of deformation energy in workpiece, that is obtained
by using data from Table 8.1. It is important to mention that in a typical study
of rolling process Tseng [11] proposed a distribution of deformation energy in the
strip by assuming negligible variation of flow stress. The plot obtained from present
analysis follows the proposed characteristic distribution of [11], which adds into the

reliability of present analysis.
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Table 8.2: Data used for checking the accuracy of developed model. (34]

“Strip material 1100 Al Alloy
Roll material Steel Alloy
Strip Entry Temperature (T) 21 °C
Strip Thermal Conductivity (k,) 182 W/me°C
Strip Thermal Diffusivity (as) 9.3 x 10~5m?/s
Roll Thermal Conductivity (k) 45.6 W/m°C
Roll Thermal Diffusivity (ar) 1.265 x 10~% m?/s
Cooling Heat Transfer Coef. (k) 9300 W/m?*C
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8.2.5 Roll temperature

Temperature distribution over the roll has been obtained from the temperature
module of the code ROLLTHERM. The differential equation that governs tempera-
ture field has been solved by assuming series solution. Furthermore, the developed
ascending-modulus algorithm is also incorporated in the temperature module for cal-
culating coefficients of Kelvin functions. After applying boundary and compatibility
conditions, the system of linear equations (6.27) has been obtained. To evaluate the
set of infinite number of unknown constants [Boix1, [Bn]nx1, [Ch]ax1 and [@ ix1;
the system of equations must be solve simultaneously. An infinite series can not be
implemented in simulation, so only a finite number of terms (n) must be retained.

In the present study n = 40 terms solution has been employed. Since [Bs)ix1is
only a single constant and each [By]nx1and [Cy]ax1 Will give 40 number of unknown
coefficients, therefore, the total number of constants come out by taking n = 40 is 81.
In addition to this, the bite region has also been divided into j number of elemental
regions, so the total number of equations need to be solved is (j + 81). A matrix
of (j + 81) x (5 + 81) coefficients has been generated. The system of equations has
been solved with the help of Gauss elimination scheme to obtain the set of unknown
constants. Temperature over the roll surface has been calculated and the results
are shown in Figures 8.12 and 8.13. For coarse elemental division, the predicted
temperature distribution was much higher than that of [34], but as the number of
divisions increased temperature plots converged towards a common pattern.

A closed examination between calculated temperature at different elemental di-

115



55

_._5 clements
—a— 10 clements
—o— 50 clements
—o— 100 elements
g 45 —— 200 elements
@ ~—¢—-Taeng et al. [34)
g
-4
g
= 35§
25

0 40 80 120 160 200 240 280 320 360
Angular Location (deg.)

Figure 8.12: Temperature distribution at different elemental divisions over entire
roll surface.

116



—a— 5 clements

—e— 10 clements ™
s0 —— 50 clements

/ \ ~o— 100 clements | |
. / \ 55— 200 elements

/ —p— Tsemgetal. [34] ]

| B

R \ e—1
* ~ B
h

30

Temperature {C)
8
N

25

s
Angular Location (deg.)

Figure 8.13: Temperature distribution at different elemental divisions zoom view
for 10 degrees from entry side.

117



visions and the temperature distribution given by Tseng et al. [34] shows a drop in
overall roll surface temperature is observed. At the bite region, the maximum tem-
perature given by [34] is 39 °C whereas temperature distribution for a reasonably fine
number of bite division (j = 200) is 37 °C. Temperature difference over the remain-
ing portion of the roll remained in the range of 3 — 4 °C. The location of maximum
temperature is shifted inside the bite region and occurred at 3 degrees from the entry
side for 200 elemental regions. (that is at j = 200).

The expected reasons of discrepancies between present work and that of Tseng et

al. (34] are summarized below:

1. Present study employes a non-linear heat flux dis:ribution at the interface that
occurs in an actual process, whereas Tseng et al. [34] assumed uniform value

throughout the bite region.

2. Friction heat flux and deformation energy generation rate per unit volume have
been calculated in the distribution form, instead of using a constant integral

value as used by Tseng et al. [34].

3. Tseng et al. [34] neglected heat conduction term in circumferential direction,

while present work considers heat transfer in this direction also.

4. Tseng et al. [34] used Fourier integral technique in evaluating temperature dis-
tribution over the roll but in the current study modified Bessel’s differential

equation has been solved.

Contour plots efficiently represent the variation of different parameters at any sec-
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tion of a continuum, these plots are capable of presenting two and three dimensional
variations. By recognizing this fact, different contour plots has been drawn in this
study. Figure 8.14 shows two dimensional temperature plot at the roll cross section;
maximum temperature occurred at the bite region. Since cooling is performed over
the entire roll except the bite region, a significant drop in temperature is apparent
away from the bite region in counter clockwise direction, also almost all inner roll
section has uniform temperature distribution. A color plot is shown in Figure 8.15.

Figure 8.16 shows roll heat flux distribution at the bite region. It is interesting
to observe that heat flux changes its sign just after entering the roll bite. Actually at
the entry side, roll temperature is higher than the strip entry temperature (this would
be true when a steady state condition is achieved) that is at 8 = 0° roll temperature
is 31 °C whereas strip entry temperature is 21 °C; at the initial contact region strip
acts as sink and heat starts flowing from roll to the strip. But, when the strip start
deforming its temperature will also be increased thus heat will start flowing from strip
to the roll causing a sudden change in heat flux direction which indicates an overall
flow of heat towards the roll.

During rolling when relatively large reduction is imposed on the strips, heat gen-
eration in the strip will be increased, although friction heat at the contact will also be
increased, but friction heat is mainly increased by increasing the relative slip velocity.
Thus, all these increments will cause an overall heat flow towards the roll. In order
to check this subject two studies have been performed at different relative velocity
and reductions. Magnitude of relative velocity is controlled by varying the roll speed
(Vr) and reduction is controlled by changing the bite angle. Figure 8.17 indicates
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Figure 8.14: Temperature contours (°C) at different roll radius.
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Figure 8.15: Cblor temperature (°C) contours at different roll radius.
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roll heat flux distribution (g,) obtained by changing relative velocity magnitude. At
low relative speed maximum heat flux (g,) is about 2.5 MW/m?, but as the speed is
increased heat flux (g.) value is also increased and maximum value is reached in the
neighborhood of 12 MW/m2. Effects of increasing the reduction has been shown in
Figure 8.18. For 36.4% reduction (at 8y = 3.51°) maximum value of roll heat flux
(g-) is 12 MW/m?; but as the reduction is increased up to 74.6% (at 67 = 5°) roll
heat flux is also increased and maximum value is occurred in the neighborhood of 30
MW /m? which is very high as compare to the previous cases. It has been cleared from
above discussion that increasing reduction greatly affects the roll heat flux variation
at the bite region as compare to increasing relative slip velocity. It can be deduce
that for a rolling process performed at high relative speed with large reduction non-
linear heat flux consideration becomes important. It is thought that errors associated
in maximum roll temperature obtained by uniform heat flux distribution could be
higher than 10% as compare to the temperature obtained by considering non-linear

heat flux distribution.
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Figure 8.16: Roll heat flux distribution at the bite region.
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8.2.6 Roll Deformation Analysis

Roll deformation occurs when strip comes in contact with the roll. At one end,
high pressure and friction stress cause a compressing deformation at the roll gap; on
the other hand temperature causes roll expansion, certainly this complicated load
deforms the roll thereby affecting the exit strip gauge and generating stresses in the
roll. Thus, roll deformation modeling is the key for controlling the size of rolled strips
and the stresses in roll. Following results have been presented by performing roll

deformation modeling.

8.2.6.1 Roll deformation behavior

The data has been taken from Tseng et al. [34] and is given in Table 8.1. Three
type of analyses have been performed, first finite element analysis is done with me-
chanical load only; that is without applying temperature distribution over the roll.
Secondly, both mechanical and thermal loads have been incorporated in modeling
and finally Hitchcock formula [3] has also been utilized in order to compare the re-
sults. Roll deformation characteristics can be understood by Figures 8.19 and 8.20.
Figure 8.19 indicates roll deformation behavior when only mechanical load is applied
which includes pressure and friction stress. Roll deformed inside and slightly twist in
counter clockwise direction, inside roll deformation is occurred due to pressure and
twist is occurred because of friction shear stress; for this type of load maximum ab-
solute displacement occurred at the bite region. When both thermal and mechanical
loads are applied, roll deformation characteristic is shown in Figure 8.20. At the

interface of roll and strip displacement is relatively small as compare to the rest of
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Figure 8.19: Roll deformation behavior with applying mechanical load only.
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Figure 8.20: Roll deformation behavior with applying thermal and mechanical
loads.

128



the roll surface due to strip action on the roll.

Radial displacement contour plot obtained by applying both mechanical and ther-
mal loads; are shown in Figure 8.21, at the interface of tool and workpiece displace-
ment is relatively small as compare to the rest of the roll surface. This can be
explained from the fact that workpiece (strip) contact generates pressure and shear
stress at the interface region therefore these forces try to restrict roll expansion in this
region whereas other portion of the roll surface remains free so it expands without any
restriction, thus causing maximum displacement at the surface which is not in contact
with the workpiece. Figure 8.22 shows circumferential displacement contour plot for
the roll material under thermo-mechanical loading. Circumferential displacement is
relatively small as compare to the radial one. Roll deformation in circumferential
direction has two zones one is in compression and other is in tension. Compressive
displacement becomes tensile after passing through a point in the bite region and this

remain positive up to a certain point at the upper roll portion.

8.2.6.2 Final strip gauge

An average value of radial displacement at the bite region has been calculated
and then added to the un-deformed roll radius so that corrected roll radii could be
obtained. After calculating corrected roll radius, exit strip thickness (y;) is obtained

by using following relation

yl = yflhco. - 25 (8.11)
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Figure 8.21: Radial displacement inside the roll (in meters, values are multiplied
by 10-%).
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Figure 8.22: Circumferential displacement inside the roll (in meters, values are
multiplied by 10-3).

131



where theoretical final strip thiékness (Yfuo.) is given by

Yfereo. = Yo + 2R(cos 01 — cos h) (8.12)

A comparison is made with experimentally calculated exit gauge value given in the
data. Finally, corrected roll radius has been used for second iteration. This will
remain in continuation until error in the roll radius is not decreased significantly.

Table 8.3 indicates exit strip thickness obtained by different approaches all di-
mensions are in centimeter. From economical point of view, consumer satisfaction is
the key factor in industries’ growth. Controlling the final size of strip not only fulfils
consumers requirements but also reduces extra passes needed to get the desired size
and shape. The results obtained by the developed model indicate that; Hitchcock
formula and finite element analysis without thermal load, give the value for strip exit
gauge in the range of 0.1634 cm—0.1744 cm. Whereas exit gauge got by finite element
analysis with temperature distribution over the roll was 0.1564 cm, which is much
closer to the strip exit thickness 0.159 cm measured by Tseng et al. [34]. Percentage
error occurred between experimental gauge and calculated gauge by three approaches
is summarized in Table 8.4.

It can be seen that error in the gauge obtained by thermo-mechanical analysis
is almost twice as lower than that of Hitchcack formula’s. Error in pure mechanical
analysis is relatively very high. Thus, by considering Table 8.4, it can be deduced
that thermo-mechanical analysis accurately simulates the actual process as well as it

is more reliable and suitable for controlling the desired strip thickness.
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Table 8.3: Final strip thickness obtained from different analyses.

Displacement  Corrected radius Final strip gauge
(centimeter) (centimeter) (centimeter)
6 R=R+§ Yf = Yhineo — 26
First iteration N =1 D
I FEA without temperature —5.386 x 10~3 25.394614 0.174478
II FEA with temperature 3.6398 x 10~3  25.403639 0.156426
I Hitchcock formula [3] 1.2081 x 10~4  25.40012081 0.16345
Second iteration N = 2
I FEA without temperature —5.385 x 10~% 25.394614 0.17447
II FEA with temperature 3.64089 x 10~% 25.403640 0.156424
III Hitchcock formula [3] 1.2941 x 10™*  25.40025922 0.16345
Third iteration N =3
I FEA without temperature —5.385 x 10~3 25.3946149 0.17447
II FEA with temperature 3.64089 x 10~3 25.4036409 0.156424
III Hitchcock formula [3] 0 25.40025922 0.16345

133



Table 8.4: Error in final strip gauge calculated for different analyses.

experimental gauge y; = 0.159 cm  Average values of final gauge (y;) Error

FEA with mechanical load only 0.1744 cm 9.7%
FEA with thermo-mechanical load 0.1564 cm 1.6%
Hitchcock formula [3] 0.1634 cm 2.8%

134



8.2.6.3 Roll stresses

Along with roll deformation and temperature history, a detailed knowledge of
stress and strain distributions is necessary for designing rolls, preventing roll plastic
deformation and designing cooling system of a rolling mill. This knowledge can only
be acquired by observing the variations of these parameters in the roll.

Figures 8.23, 8.24 and 8.25 present two dimensional radial (o), circumferential
(066) and shear stress (o,¢) contour plots. It is interesting to note that radial stress
has negative value near the bite region and a positive value away from that area.
Since strip is in contact at the bite region, the resulting pressure and friction stress
constraint the thermal expansion and ultimately make a compressive effect over radial
stress, but away from bite area roll surface is free so it expands and thus radial
stress is positive. Circumferential stress is negative in the entire roll and thus has
compressive effects except in a very small region located in the bite angle. Shear
stress has relatively small value. Before bite region, it is negative then changes its
sign in the small heating zone and becomes positive. Away from the bite region its
value decreased rapidly.

Since effective or equivalent stress has the effects of all stresses present in the
continuum, its value is used in evaluating whether yielding has occurred or not. Figure
8.26 shows a plot for von Mises effective stress. It has maximum value of 64 M Pa
at the bite region which is very small as compare to the yield stress 220 MPa of
roll’s material. Minimum effective stress value occurred near the roll surface. Since

inner circle represent a rigid contact with rotating shaft, the stress is relatively high






Figure 8.24: Circumferential stress contours at different roll radius (MPa).
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Figure 8.25: Shear stress contours at different roll radius (MPa).
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3

Figure 8.26: von Mises stress contours inside the roll at different radius (MPa).
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at that region as compare to the other portion of the roll except the bite region. The
maximum value of radial stress and von Mises stress were same and occurred at the

bite region.

8.2.6.4 Effects of improper cooling

Sufficient cooling practice over roll is of considerable importance, inadequate cool-
ing gives rise to temperature distribution in the roll which ultimately results in de-
creasing the roll life. In order to check the effects of reducing cooling over roll, a case
involving 90° degree cooling performed over top right portion of the roll has been
studied. For this case, angles have been set at a = 45°, and ¥ = 90°. Temperature
distribution has been shown in Figure 8.27. Maximum temperature value occurred
in the heating zone is 51°C and roll core temperature value is 40.5°C whereas for full
cooling maximum temperature was 37°C and inside roll core temperature was 26°C
; an over all temperature rise of 14°C has been found. Also a closed examination of
cooling region indicates that non-uniformity in temperature distribution increased. A
colored plot of temperature distribution has been shown in figure 8.28, it can be seen
that counter clockwise motion of roll resists the flow of coolant in clockwise direction
and some coolant also flows at the top left portion of the roll with its motion. Effec-
tive stress (von Mises) has been shown in Figure 8.29, its maximum value occurred
in roll gap and is not much affected, but inside the roll a significant increase has been
observed. For full cooling its value inside the roll was 36 M Pa whereas for 90° degree
cooling it is 52 M Pa.

From above discussion it can be deduced that roll temperature distribution is
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Figure 8.27: Temperature contours (°C) for 90 degree cooling over roll.
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Figure 8.28: Color temperature (°C) contours for 90 degree cooling over roll.

142






directly affected by changing cooling practice over roll. Insufficient cooling has signif-
icant effects over roll temperature and stresses. Stresses at the roll core are much more
affected, effective von Mises stress inside the roll surface is increased significantly as

compare to the value occurred at the bite region.

8.2.6.5 Effects of high reduction

There are many situations exist in which roll operating at a particular reduction
used to decrease final strip y; thickness, that is to increase the reduction. This
operation increases deformation heat generation in the strip, which finally increases
the value of temperature and stress distributions in the roll. For present study,
reduction has been increased up to 74.6% by increasing contact angle of roll and strip
from 3.51° to 5°. Cooling was performed over the remaining portion of roll as in the
original case, temperature plots are shown in Figure 8.30. Maximum roll temperature
is increased by 7°C while inside roll temperature is increased by 3°C with respect to
original case. Figure 8.31 shows von Mises effective stress distribution, for higher
reduction its maximum value at the bite region is 95 M Pa which is significantly
greater than the previously discussed two cases and approximately half of the roll
material yield strength. Inside the roll von Mises stress remains same as that of
original case.

It can be drawn that by increasing reduction with full cooling, roll temperature at
the bite region is increased much more as compare to the remaining roll temperature
but if cooling is also reduced temperature changes can be greater. Stresses at the roll

bite region would be increased considerably, von Mises stress for high reduction is
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very high at the bite region as compare to the remaining roll portion. It is expected
that for rolling process involving large reduction of strips and with improper cooling,

localized yielding of roll can be occurred.
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Figure 8.30: Temperature contours (°C) by increasing reduction upto 74.6% (for
bite angle = § deg).
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Figure 8.31: von Mises stress (MPa) contours by increasing reduction upto 74.6%
(for bite angle = 5 deg).
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Chapter 9

Conclusions and Recommendations

A study capable of modeling thermal and mechanical loads acting during metal defor-
mation process has been conducted. A more realistic model for steady-state temper-
ature distribution in the tool and workpiece has been developed. Coupled approach
for modeling roll and strip interface has been considered. In particular, attention
has been focused over roll and strip interaction, the most critical region in any metal
forming process. Pressure and friction stress distributions have been calculated at
this region. An analytical model based on deformation work theory is developed for
modeling deformation energy distribution in the workpiece. By considering, a vari-
able heat flux distribution at the interface, temperature distribution in the roll has
been predicted, which is validated against the classical work of Tseng et al. [34].
First part of this research work involves calculation of roll temperature. For pre-
dicting the steady-state temperature distribution in the roll, a combined ascending-
modulus algorithm has been developed and successfully applied for evaluating the
coefficients of Kelvin functions with variable arguments. This algorithm is then used
in the determination of unknown temperature distribution of the roll. Since in actual
rolling process heat flux could not necessarily be uniform over the interface, so special

emphasize has been paid on this aspect. The temperature model has been developed
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by dividing the roll gap into ‘j’ number of elements, then by assuming a linear varia-
tion of heat flux in each element a non-uniform heat flux behavior has been modeled.
The compatibility of temperature and heat flux, the necessary condition for coupled
approach, has been applied at each element.

As stated earlier, the deformation heat generation in the strip cannot necessarily
be uniform; by assuming the conversion of all deformation work into heat energy, a
one dimensional analytical model is proposed for modeling strip deformation behavior.
Also pressure and friction heat flux models have been developed with the capabilities
of modeling a variable heat flux distribution at the interface. The effect of taking
different number of elemental division for bite region has been carried out. When
bite region was divided into ‘5’ elements, the results were not reliable; however, as
the number of divisions increased the refinement in results was also noticed, as evident
in results of friction stress, temperature and heat flux distributions.

In the second part, roll deformation occurred during contact with the workpiece
has been modeled by using thermo-elastic finite element method. Roll thermal and
deformation models have been coupled and an iterative procedure over the whole de-
veloped master module has been applied to obtain optimum tool dimension, necessary
for controlling the final strip thickness. Finally, exit strip thickness is compared with
the experimental value reported in the published literature. First analysis has been
performed only with mechanical load that is, by applying pressure and friction stress
distributions at the interface. Then both thermal and mechanical loads have been
applied over the tool. Hitchcook formula has also been used as a check for predicting

actual radius of the deformed roll. It has been found that strip final thickness ob-
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tained by applying thermal and mechanical loads (together) to the roll, is very much
closer to the experimental data.
On the basis of current study some of the important conclusions and further

extension of this work have been suggested. These are summarized below:

e Increasing rolling speed has a little effect on roll heat flux distribution as com-

pare to increasing the reduction.

® A variable heat flux consideration becomes important when a relatively large

reduction is required.

¢ Reducing cooling practice over roll surface markedly increases the roll temper-
ature. In contrast providing full cooling and increasing the reduction will cause

relatively less increment in roll temperature distribution.

e Inadequate cooling with same reduction has little effects on maximum value of
effective stress occurred at the bite region. But it causes relatively large increase
on effective stress inside the roll and at the roll inner surface (where roll is
fixed with the rotating shaft). Whereas conducting full cooling and increasing
reduction greatly increases von Mises effective stress at the bite region, stress

inside the roll is not much affected.

e Since by increasing reduction with optimum cooling effective stress inside the
roll is increased significantly, it is thought that for rolling processes involving

very large reductions localized yielding over the roll surface can occurr.
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® Localized yielding requires plastic analysis of roll material, therefore, in future

this work can be extended for elasto-plastic deformation analysis of roll.

e Since roll material which comes in contact with the strip faces a continuous

cycle of cooling and heating thus fatigue analysis can also be performed which
would help in predicting roll life.

e The developed module can also be investigated for temperature dependent ma-
terial properties, for example when thermal conductivity (k) and convective

heat transfer coefficient (h) become temperature dependent paremeters.
Following some recommendations have been drawn that are:

e Nonuniform heat flux distribution at the roll and strip interface for predicting

temperature distribution should be considered.

e Coupled thermo-mechanical analysis is recommended for calculating deformed

roll radius and controlling the gauge of exit rolled strip.

e Stresses and strains should be calculated by considering both thermal and me-

chanical loads.
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