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ABSTRACT

To predict the distribution of stress and strain fields in hot rolling process the computer models
were built using thermo-mechanical coupling rigid-plastic FEM. In metalworking, rolling has
been analysis of strain-stress and temperature states during hot rolling process for bloom in
which metal stock is passed through a two high stand Pair of rolls. This work studied the effect
of rolling parameters at different rolling temperatures, on the mechanical properties of hot-
rolled mild steel. /z’s a technique in which a material having relatively large thickness geometry
is plastically deformed in one or more sequential operations and transformed into a useful part,

without change in the mass or composition of the material. Plastic deformation, finite element
method, the hot rolling process is simulated and analyzed. The rollers and bloom are
represented by respectively rigid and deformable bodies, and 3D models were developed for
both. This thesis was carried out to study the rolling within the hot rolling aiming to evaluate
3D FEA and thermo-mechanical boundary condition subsequent saw change on the bloom
thickness during deformation process.

The applied conditions are extremely important in order to achieve the desired quality product.
Successful hot rolling would be dominated by calculating the effect of some important
parameters on the work piece during the deformation processes. In this thesis the hot rolling
would be carried out to predict effects of temperature on the strain and stress distribution
would be discussed in detail using the finite element method application. The model would be
developed by considering all of the non-linearity of material, geometric, boundary, and heat
transfer that present in the rolling processes. This simulation results are verified by the
experimental data of stress vs. Strain curve. In this paper, the analysis of the 3D strain state for
the hot rolling process of bloom mild steel with the application of the finite element method is
presented. The results of work connected with the simulation of metal flow scheme, and fields of
stress, strain and temperature in the material deformation process in the rolling conditions are
presented. The distribution of the effective strain, the stress on the surface of rolling cross
sections is determined. Rolling speed is an important parameter for hot rolling, since this factor
directly controls the strain rate, flow stress, heat of deformation and heat transfer coefficient.
Rolling speed is a variable that it has great effect on heat transfer, flow stress, meshing size.

KEY WORDS: Hot rolling process simulation, thermo-mechanical, finite element analysis.
bloom, 3D model, roller speed, rolling process, single roll pass stand, hot rolling, stress state,
temperature.
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Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

CHAPTER ONE
INTRODUCTION

1.1 Background of the study

Metal Forming processes are defined that some of manufacturing processes to change the metal
from one shape to another shape without changing in mass or chemical composition, so the
metal surface which required to forming is in tangent with the roller [1]. Rolling is one of the
most common method used in the plastic deforming metals into suitable shapes for more wide
range products today and it is typically the first metal working process after casting [2]. Almost
metal forming processes are employed in industries which represents the first forming
operation after melting and the process is carried out at the rolling temperature, allowing to
achieve large shape variations in the manufactured item, thus perform high deformations [3].It
is one of the most common popular processes in manufacturing industries in that almost 80% of
metallic equipment has been exposed to rolling, at least one time in their production period
[1,2].The study of metal forming processes has been carried out by means of several
approaches, based on the mechanics analysis. However it is necessary to observe that thermal-
mechanical analysis allows to examine the problem in its complexity and analysis the effect of
temperature which depends on the variation exist in heat transfer between the bloom and the
environment and heat generation due to the conversion of the heat to energy. Subsequently
the thermo- mechanical properties of the rolled metal are updated on the basis of the
temperatures, thus allowing a more description of the process. In metal forming as it is well
known it is possible to achieve higher values of the reduction in thickness in a single pass.
consequently, when bloom geometry hot rolled, the thermal-mechanical coupled must be
analyzed in order to improve the predictive of the simulation result [3] and analysis in the
deformation process is necessary to properly understand the properties of work piece and the
effects of different parameters and to simulate such a process. A number of metals have been
exhibit rate (time) dependent plastic behavior at high temperatures. The flow of metals at a
high temperature, enhances the desirability of an appropriate rate dependent plastic material
model for analysis [5]. In metal working, dimension and shape [6] of metal stock geometry
changes due to of pressure applied by cylindrical rolls during the operation [4,5]. The rolling
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process involves both material non-linearity and geometry non-linearity. Moreover, non-
linearity of heat boundary can exist as a result of heat radiation between the work piece and the
surroundings [8].Rolling has been more widely applied for high productivity as compared with
other metal forming processes. Steel is the largest consumption metal materials [9].In industrial
countries out of all varieties of the rolling processes about 40-60% products are produced within
the flat rolling [5,6,10]. Nowadays, almost 90% of the steel is rolled into different section and
so on while bloom is backbone or the key raw materials for steel products and the high quality
of prerequisite for high performance rolled products, and it called as a "universal steel’* and in
recent years widely used in economic departments as major products [3,5].Being the most
prominent all metal forming operations, rolling has received extensive consideration for the past
decades. During recent years, modeling and simulation of this process along with the prediction
of the rolled products properties have been extensively conducted with special attention drawn
toward the use of FEA. FE studies have mostly been performed in order to investigate the
deformation and thermal behavior of the hot rolling processes. The processes have also gained
great attention in several works since it simplify the prediction of temperature, strain and stress
distributions in the bloom material, because these variables control the final microstructure and
mechanical properties of the rolled product [12].Metal forming is the area of metallurgy which
is concerned with conversion of metal casting ingot or bloom, billet, slab into more useful shape
such as flat plate, rod, bar and sheet metal with important analysis without changing in mass
or chemical composition, so the metal surface which required to forming is in tangent with the
roller[1]. Plastic deformation of a metal means shaping of metals into different shape products
while the term of plastic deformation describes permanent [1] shape change, in contrast to
elastic deformation. Rolling is a common which plays an important role in the process of
various compositions of steels ranging from low carbon to highly alloyed stainless steels and
manufacturing companies producing metals supply in form of ingots which are obtained by
casting liquid metal and obtained slab, billets, blooms which are soaked at high temperatures
(1100 to 1300°C) [11,12] and then progressed to plate, bars and sheet [14].From the different
metal forming process, reducing the thickness or changing the cross-section of a work piece by
compressive forces applied through a set of rolls that revolve, the space between the rolls being
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less than the thickness of the entering work piece is accomplished by passing the material to be

rolled between revolving roller at the same speed but in opposite direction [4,5].

S U, 1.7

Figurel. 1: Rigid-perfectly plastic rolling scheme for flat rolling.

Metal forming functions is the generation of product geometry with mechanical properties by
repeatedly compressing the hot metal [13,15] between roller. It basically involves pushing a
metal work piece into the gap between two rotating rolls, which then simultaneously draw the
work piece into the gap between rolls and compress it to reduce the thickness and increase the
length [17]. Modern rolling mills are extremely efficient units capable of processing over a
million tons of metal per year. Today there are a lot of different mill setups available. The two-
high reversible mill is however widely used and one of the most common for rolling of large
products likes blooms [18]. A reversible rolling mill is often used for the first stages of large
sections such as ingots, bloom and slabs to reduce their thickness as rapidly as possible. Further

reductions are achieved in a series of one-way mills known as ‘stands. Depending on the basis
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of temperature, rolling process can be divided as hot (when the rolling temperature exceeds the
re-crystallization temperature of the work piece) and cold (deformation is imparted to the
feedstock below its re-crystallization temperature) rolling [18,19, 20]. Because of the complex
nature of rolling mill roll the available methods and conditions of their application is extremely
important in order to achieve high quality of products. Simulation and modeling of roughing
first pass deformation of bloom of mild steel rolling mill analyses. Metal forming process can
be defined as a constant process of plastic deformation for long parts of stable cross section, in
which a reduction of the cross-sectional area is achieved [6]. The major development in industry
metal forming process has been transformed to the application of finite element method
simplify the solution of complicated non-linear metal deformation processes. The numerical
analysis procedure used to obtain approximate solutions to boundary value problems, which are
found in every field of engineering. The problems with closed form solutions that can be exist
in any textbook on strength of materials, fluid dynamics, and other fields of mechanics,
correspond to usually rather basic models of reality, where a lot of simplifying assumptions in
order to be able to solve the differential equations and their associated initial boundary
conditions, that are generated when formulated. The finite element method became an
indispensable tool in the field of engineering mechanics [19] to solve many complex structural
mechanics, heat transfer analysis, and fluid mechanics problems and it was initially applied to
the structural analysis and expanded to the thermal. In the world of engineering finite element
method is one of the most widely used in the metal forming and stress and deformation analysis
in the fields of building structures, bridges, aviation, automotive, and there is fluid flow
analysis, heat transfer and other non-structural problems[17].The FE technique has been used as
a tool in the modeling of metal forming and found a wide application in this area, in
particular, in the hot rolling industries. The principal goal of rolling simulation is to connect the
process variables, such as the rolling speed, rolling temperature, rolling stand geometry, strain,
and stress field in the bloom. By FE method, the hot rolling bloom deformation behavior,
including the rolling speed and the stress- strain distribution was investigated with different
temperature value were analyzed [20]. The models of the roller and the bloom are developed to
investigate the effect of different process parameters such as initial rolling temperature, strain

and effective stress distribution.
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1.2 Statement of the Problems

Metal forming is the main problem of the metal industry regarding with the rolling technology
for roll pass of structural steel especially in most developing countries. The rolling mill
manufacturing industries are contributing few and are not so productive to the maximum
possible efficiency; the reason behind this indicates that the ability to understand the properties
of metal especially steel type which have different specification with respect to thermo-
mechanical properties and also the rolling technology. The technology, remain competitive and
efficiently producers must understand the variables that influence operation and properties of
the product. One method of achieving the improvement of technology is to analysis the
relationship between the variables and parameters that will affect the other parameters will be
modeled and analyzed by software to reflect these dependencies. In metal forming, the
distribution of temperature and its effect on other physical factors like stress, strain speed in the
material is changed due to generation of heat that arises from plastic deformation and transfer of
heat to the surrounding air and to the roller. Thus, the temperature effect on stress, strain and
speed is important for the simulation of the rolling and high speed forming to describe the
temperature evolution of mild steel bloom during the rolling and predict the final mechanical
properties of the mild steel during rolling process. The primary object of the rolling process is to
reduce the cross sectional area of the work piece and to obtain the desired output likes thermo-
mechanical properties and geometrical tolerances. A 3D analysis was done in this study on the
steel bloom of square cross section reduced to a thickness required by rolling through the one
roll stand with the physical parameters. So to solve above problems finite element model can be
applied to simulate stress distribution and deformation of hot metal forming by using
mathematical and numerical simulation to determine parameters that have large influence

during process using the commercial FE code ABAQUS Software 6.14version.
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1.3 Significance of the study

As basic research, it will provide opportunities for the refinement and validation of current
process models of hot rolling. The model will facilitate practicing engineers to use advanced
technology currently little available in our country and also provide opportunities for
professional development in a field where little currently offered. The results of the work will
also have future expansion possibilities, including the extension of the capabilities to models to
aid in process setup and control in the rolling mill. This work will have a broad impact on the
steel industry by providing state-of-practice technology to carry out process and product

development that will lead to more competitive products.
1.4 Objectives of the study

1.4.1 General Objective

The general objective of this study would been to analysis a finite element modeling of plastic
deformation of mild steel bloom of ASTM A36 and analysis the effect of influential parameters

during the process because all metal forming process were parameters and variables dependent.

1.4.2 Specific Objective

» To model two high stand single roll pass hot rolling for the 3D thermo-mechanical
deformation using the commercial SOFTWARE ABAQUS version 6.14

> Analysis the main constitutive equations that would been relevant for computer
simulation plastic deformation of mild steel.

> ldentify parameters that affect the deformation process of bloom of mild steel during hot
rolling process using finite element method has been conducted using a computer
program called Abaqus/CAE.

» Analysis the principal goal of rolling simulation to connect the process variables speed,

rolling temperature, rolling stand geometry, strain, stress field and performed numerical

simulations.

1.5 Limitation of the study

Some of the limitation that may be encountered while conducting the research includes: lack of

getting all required data for analyzing the thermo mechanical properties of the mild steel.
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1.6 Scope of the study

Metal forming has two major functions: the first is the generation of product geometry, and
investigate the mechanics of plastic deformation processes with the broad objectives and the
generation of mechanical properties. The goal of this work is to develop a finite element
analysis model that can be used as a tool in order to analyze the metal forming process of under
different parameters which used to understand the behavior as it flows through the single hot
rolling mills stand. The basic principles of metal forming process for example flat products will
be studied and modeled using non-linear FEM. From the above aspects: materials science,
mathematical models of rolling, theory of plasticity and mechanical aspects, heat transfer issues,
etc., then focusing on the finite element method by concerning the problem, such as coupled
thermo-mechanical analysis, thermo mechanical finite element modeling, and all the non-linear
aspects of the problem will be analyzed. The degree of deformation, stresses and strains, strain
rates, as well as other parameters of interest, on the work piece and in the rolls will be analyses.
The transfer of heat from the work piece to the rolls, heat generation due to the friction heat can
be accurately modeled., To achieve this goal developed a mathematical model to predict the
distribution of strain, strain rate and temperature using the commercial finite element software
package ABAQUS since it has an excellent built in non-linear heat transfer and stress analysis
capabilities to predict the effects of each parameters that we used and the empirical relationship

between stress, strain and temperature.
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1.7 The Motivation this Thesis

Because of the complex deformation hot rolling in metal forming, most of the works are limited
to simple geometries such as less thickness and simulation of the process is a cumbersome work
in terms of model preparation and computation duration. Moreover, analysis of the effects of
hot rolling on the final product is another critical issue. Hot rolling involves preparing physical
models of the rolled products, as an aid to analyzing factors such as temperature, stresses, strain,
strain rate and rolled product shapes. Although many investigators are working on hot rolling
and many methods have been published, some fields remain practically unexplored. Each
technique has its own advantage and limitations. The quality and reliability of hot rolling can
only be achieved through an understanding of the mechanical factors (rolling speed, strain, and
strain rate), geometric factors and physical factors on the rolling process. There is still much
work that needs to be carried out on the hot rolling, especially for the materials that have large
thickness which need large deformation to get the desired thickness and shape in simple roller
arrangement and short time during the operation. A common problem for the existing hot
rolling process and method is that each method can only be applied for a specific application
case. A methodology which could integrate the thermo-mechanical process and finite element
methods would be very useful and powerful for the hot rolling, especially for inexperienced. It
is suggested that high quality rolling product can be achieved by comparing existing methods to
find the best approach, which gives a best fit for a specific rolling process. The work presented
in this thesis aims to integrate the knowledge obtained from the extant literatures into a thermo-

mechanical approaches and finite element methods system.
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1.8 Thesis Layout/Organization

An appropriate constitutive equation; predicting parameters and modeling the rolling pass
schedule. Although no experiments have been carried out, reliable data have been extracted
from external PhD theses and the literature supplied by the steel companies that provided by
other academic research groups. It should be emphasized that the data provided by the steel
companies are especially valuable because they are usually commercially sensitive. This thesis
is divided into seven chapters. In the first chapter background, objective, statement of the
problem, scope and limitation of the paper are discussed. In chapter two includes a brief review
of literatures related to the research have been investigated. In chapter three materials used,
dimensions and methodology for deformation at different conditions and the principal
formulation and analysis techniques of the thermo-mechanical coupled have been discussed and
the equations of equilibrium of the governing equations for both the mechanical and thermal
problems are shown, together with their appropriate boundary conditions. At this point it is
shown that numerically, the rolling problem consists of a pair of very large and complicated
initial boundary value condition mechanical, and thermal. These two mechanical and thermal
initial boundary value need to be solved simultaneously due to the strong coupling between the
thermal and the mechanical parts of the problem. Fourth chapter FEM concepts needed to
develop the models the rolling problem have been explained and the second part of this chapter
will explain how the mathematics and mechanics of the problem are implemented into the finite
element method. The Rigid-plastic flow, the rigid-plastic flow finite element methods material
models will then be analyzed in detail. Finally, the different types of non-linearity’s present in
the hot rolling process, material, geometric, boundary, and heat transfer, are explained and the
creation of the different FEM models that are needed in order to meet the goals of this thesis.
All of the features of the models initial conditions, boundary conditions; contact problems,
material properties, etc are addressed. The fifth chapter deals with the analysis and the
discussion of the results obtained from the simulation FEM and results are presented showing
the answers to which we arrived after studying the solutions provided by the FEM. Finally the
last chapter is explain the conclusions obtained from this study and the discussion of the future
work that needs to be accomplished in order to advance in the research of this challenging and

fascinating problem.
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CHAPTER 2
Literature Review

2.1 Theoretical Reviews

The purpose of rolling is to convert material of large cross-sections into smaller sections of
various shapes. This deformation is accomplished by applying compressive force through a set
of rolls. Although hot rolling has been extensively studied by a large number of researchers only
few have totally tackled the hot rolling problem. The objective of review the related literature is
to summarize the work of different researchers in the field of rolling process using finite
element model analysis. Numerous studies have been done to identify the effect of different
parameters on the quality of the product. The effects of several parameters such as thickness
reduction, rolling speed, initial thickness of work piece and heat transfer coefficient were
considered. Thermos-mechanical approach was applied to the hot rolling of steel and the heat
transfer phenomenon was considered simultaneously. In this work finite element package
ABAQUS software was used, the material taken was ASTM A36 mild steel; the bloom.
Generally hot rolling is a metal forming process for the production of metallic profiles with a
well defined cross-section geometry consists of a preformed bloom, with square or circular
shape, which is the heated metal is passed between a set of cylindrical rolls in order to reduce
thickness of the work piece. Most of the steel produced is rolled into strips, sheets, bars and
other shapes such as beams or L cross sections. Different end-product shapes require different
types of metal forming processes. A few of them are flat rolling, profile rolling, ring rolling,
powder rolling, electric resistance rolling, tube rolling etc. Most common metal used nearly in
all industrial and domestic purposes is mild steel. Mild steel is relatively economical and
possess metal properties that making it suitable for many uses. Depending on the size of input
work piece metal forming is classified into two basic categories, namely bulk deformation and
sheet metal working processes. Generally bulk deformation processes characterized by the most
significant large deformations and the surface area-to-volume me of the work is relatively small.
Some of the researches’ outputs in relation to the objective of this thesis are: Two major
approaches were introduced to investigate the large deformation metal forming problems during
the 1970's are first, the "flow™ approach, in which assumed the metal as a non-Newtonian fluid

JU, JIT, MSC-THESIS2022 Page 10



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

having a plastic or rigid-plastic behavior. Compared to large plastic strains the elastic
deformation can be ignored and thus solution procedure is simplified. The rigid-plastic material
characterization and demonstrated that the rigid-plastic FEM could be applied to metal-forming
analysis were developed efficiently in 1973, Kobayashi and Lee (197). Advancements if the
process simulations using this method have been made by improving the technique and
expanding its capabilities (198-210). The rigid-plastic finite element method generalized by
Zienkiewicz et al based on the plastic formulation and capable of analyzing hot rolling, rate
dependent processes. Rigid-plastic analysis is taken as the limiting specialization to the
isothermal rate-insensitive situations[21,22].

Leardi [22]The main objective of metal forming is manufacture the product with the required
dimensional accuracy, surface that free from defects, and with excellent mechanical properties.
The parameters for the process are important to meet increasing requirements for desired quality
and geometrical properties of rolled materials or work piece. The large number of variables
involved and the process characteristics, make the use of finite element tools an effective and
attractive opportunity towards understanding of the metal forming process. Because it is
powerful and viable method for to predict the effect of applied parameters on the rolling process
and it reduce the computational effort. Nonlinear finite element models developed for a large set
of complex cross-section shapes and validated against experimental evidences provided by real
plant products at each stage of the deformation sequence. Depending on the validated value
finite element models, is applied to investigate the effect of many parameters on the flat rolling
process. As is well known the effects of main variables on material, flow behavior and
geometrical features of a rolled metal or work piece analyzed. The parameters that selected as
factors are rolling temperature, diameter and draught (diameter reduction), and angular velocity.
In the case of metal forming operations, under the hot and cold rolling elastic strains
contribution is negligible with respect to nonlinear plastic strains, a rigid-plastic approach can
be reasonably adopted for the analysis. As it is well known there is a complex interconnection
between thermal and mechanical problems why they to be solved simultaneously. The thermo-
mechanical coupling occurs when large plastic deformations and contact pressure generate heat
transfer which is a source of changes in the mechanical problem. Formulation of Updated

Lagrangian through the software is selected to solve the coupled thermo-mechanical problem.
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Komori [23] Analyze the finite-element method, which coincides with the finite-element mesh
of deformation. However, heat conduction occurs between the material (high-temperature) and
the roll (room-temperature), the flow of temperature at the material-roll contact surface towards
the low temperature and shows it by simulation when the hot rolling process is performed. As
pointed out by the authors analyzing deformation is the conventional 3D rigid-plastic finite
element method. As is well known the finite element method is utilized mainly, which requires
a large amount of computation time and memory capacity. In this case the finite-element mesh
effect in the cross section of the material is investigated due to the finite-element mesh derived
from the mesh rolling is analyzed. Due to the turn of the material in the region between two
rolling mills, not the one-fourth of the material the whole material is analyzed. In the numerical
simulation of the finite-element mesh in the cross section of the material influences calculated
results. The shape of the material obtained by the analysis agrees well with the shape of the
product. Hence, the validity of the simulation is demonstrated.

X. Wangl [34] hot rolling processes a numerical simulation dependent on the accuracy and
reliability of a suitable material modeling, which plays the important and foremost role in the
analysis and metal flow behavior. In the present study, high temperatures up to 1300°C used
carried out hot compression tests and varying strain rates for medium carbon micro-alloyed
steel. Johnson-Cook model (JC) and a Zerilli-Armstrong (ZA) model were developed and
exhibited limitation in characterizing complex plastic behavior based on experimental results.
Investigation of strain hardening and the coupled effect of temperature and strain rate was
introduced and calibrated through a combined JC and ZA model. Better agreement with
experimental data results showed that the combined JC and ZA model demonstrated. The
proposed material model was coded and implemented into a finite element model simulating the
industrial hot rolling and simulated rolling torque was in good agreement with experimental
data. Nonlinear mass flow behavior of the steel bar investigates from the plastic strain and stress
distributions were recorded. Results showed that the maximum equivalent plastic strain
occurred at 45° and135° areas of the cross section. With decreasing temperature Stress
increased, and the corresponding rolling torque was also increased. Rolling speed had limited
influence on the internal stress of the bar due to the extent of plastic deformation, but the

relative rolling torque was increased due to strain rate hardening.
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Alejandro Rivera Muniz [19] In what follows deformation processes are the processes by which
we obtain of the required shape of the production through applying of plastic deformation
process on the metal, by using different mechanism of forming called hot forming and the
others by no using the temperature which called cold forming. As a result thermal-mechanical
coupled approach is used to account for the phenomena resulting from the pressure-dependent
contact resistance between the work piece and the tools called roller and stress and strain
variations occur due to rolling force/pressure imparted by roll contact, and non-uniform
temperature distribution. The hot and cold rolling processes have been developed for flat rolling
work piece with rectangular cross section using finite element method. Finite element methods
provide an effective and economic way to model these thermo-mechanical processes and the
associated mass flow behavior. The flat rolling of hot and cold steel rectangular strips under a
series of different parameters, providing the rolling designer with a tool that he can use to
understand the behavior of the steel as it flows through the different passes and model can be
used to analyze easily. The non-linearity present in the rolling problem: material, geometric,
boundary, and heat transfer are developed. As pointed out by the authors the modeling can be
predicts the equivalent stress, equivalent plastic strain, maximum strain rate, equivalent total
strain, temperature of the work piece , roll temperature, work piece length, slab thickness %
reduction (draft), and velocity, for both the cold and hot rolling processes. The quality of final
product is highly dependent on the thermo-mechanical deformation and mass flow behavior
during hot rolling. The finite element model results are an improvement over the results
obtained through the classical theory of rolling. The work also demonstrates the role that

contact, heat generation due to friction and heat generated during the rolling process.

D. Demin[25] Most of the time, metal forming process especially rolling process will be
discussed in terms of hot and cold rolling process. A rolling process of AISI-304 bar was
studied by laboratory experiments and numerical modeling in order to evaluate the effect of
boundary conditions and simulation techniques on the model predictions. At the same time both
models behave similar with the variation of boundary conditions: broadening is larger if the
temperature gradient is taken into consideration, the relative increasing of the effective strain in
the specimen center with the increasing of reduction is very similar. The simulations of metal

forming process were performed by two different techniques based on finite element method.
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The first technique solves three dimensional problems. This technique is based on assumption
that flat cross section of a billet remains flat during the rolling process. Thus 3D distribution of
deformation characteristics is constructed as a set of solutions in flat sections. The second one is
sequential solution of a series of generalized plane problems. Each technique was used for
solving of isothermal forming task and non-isothermal one. The results were compared with
laboratory rolling performed with different reductions and at different temperatures. It was
found that the difference of initial temperature is inconsequential to the prediction of strain and

strain-rate distributions. This observation was confirmed experimentally.

A. Romagos [26]As is well known, metal forming under the hot rolling is an important
deformation process in steel manufacturing which a slab is studied by using the rigid-plastic
finite element method. Modeling of the roll and the slab are developed to investigate the effect
of initial rolling temperature, slab thickness, rolling speed, friction coefficient, and reduction
rate on the rolling force, normal force, and effective stress distribution. The shape forming
process for example rolling involves in the types of material, geometry and contact
nonlinearities, and it is difficult to obtain analytical solution. Rolling method and physical
experiment method have thus been often used to study rolling properties over the past decades
at the expense of time and cost. Due to the result of technology numerical simulation
technology solves rolling problems and can shorten development periods, and reduce the cost of
research and development. From numerical simulation the prediction of rolling pressure and
rolling force of wire, calculation of rolling pressure of strip simulation of stress and temperature
study of deformation of strip and discussion of strain and stress. Finite element method and
numerical simulations have been proved to be a very powerful tool used to indicate the effect of

different parameters that applied during the hot rolling like rolling force and other.

Kuziak,Yi-Wen Cheng,Miroslaw Roman Glowacki,Maciej Pietrzyk [27] In this research paper
modeling of the micro structural evolution of steels during thermo mechanical processing has
increased our understanding of the austenite micro structural restoration processes occurring
during and after plastic deformation. Modeling can accurately characterize the sequences and
interactions of the mechanisms that change the microstructure. Thus, we can predict the effects

of chemical composition and processing parameters on the final microstructure and mechanical
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properties of steel. Modeling is an efficient tool for the development of new steel grades and for
optimizing production technologies, it has great potential for improving the manufacturing
processes and reducing the cost of steel products. The ultimate goal of modeling industrial
processes is to predict the mechanical properties of commercial products. They relate processing
parameters, such as strain, strain rate, and temperature, to microstructures features, such as
volume fraction of the recrystallized material and austenite grain size, with emphasis on the
effect of micro structural changes on the mechanical properties of the final product. Model
predicted mechanical properties were compared with values measured in laboratory and
industrial experiments. The models gave an accurate, quantitative characterization of the plates,
rods, and rails subjected to rolling processes. It is possible that the results of this study provide a

basis for future optimization of the chemical composition and processing of steels.

F. Micari [3] By far the most common metal forming process hot rolling is generally analyzed
by means of some simplifying hypotheses: most of the developed theories assume that the
operation is conducted by coupled thermo-mechanical analysis and that plane strain
conditions occur. In this paper a 3D coupled thermal-mechanical analysis is carried out
concerning some hot plate rolling processes in order to investigate the process mechanics.
The geometrical parameters of the work pieces and of the rolls and the operating
conditions have been selected in order to compare the numerical results with some

available experimental data.

Limei Jing [28] a thorough understanding of the available roll design methods; and a condition
of their application is extremely important in order to achieve the objective of producing high
quality rolled products by reviewed some previously published and experimental and theoretical
studies of hot rolling. Successful hot roll is dominated by the calculations of some important
parameters, which describe two-dimensional or three-dimensional deformation in the work
piece. These parameters, such as roll separation force, torque, elongation, spread and draft, are
discussed in detail. The method or formula for the calculation of each parameter is different for
each set of different application conditions. A thorough study of these methods in different
application cases will lead to the hot rolled products .Finite element is an important method

which has been employed in the study of hot rolling. The theory, of commercial software and
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application cases has been described. 2D and 3D finite element methods for hot rolling
simulation have also been discussed within the work. The current techniques and the problems
of using the Finite Element system in hot roll design have been presented briefly. Possible
solutions to these problems have also been discussed and there need to be considered in order to
successfully apply Finite Element theory in hot roll design. An important alternative approach
for hot roll design has been introduced in this thesis. A Matrix -based roll design system has
been developed. It includes a Matrix -based system for flat and section roll designs. The
realization of the Matrix-based system is discussed. All the methods and formulae considered
previously can be integrated in the proposed roll design system. The approach emphasizes the
need for teamwork. The design procedure allows both less experienced designers and senior
designers to benefit from participation. It is suggested that high quality rolled products could be
achieved from optimized designs produced using this systematized the approach compared to
the ad-hoc use of existing techniques, formulae and methods.

Vitalii Skliar, [29] The implementation of mathematical modeling study of a new two-stage soft
reduction method of continuously cast blooms rolled in cross rolls are presented in a current
work. As a result the initial stage of investigations of the mathematical model based on FEM
method has been designed. In this case, we assumed that the conducted calculation mechanism
influence on the stress strain state depends on deformation parameters and shape of a work tool
has been investigated. Mathematical model adequacy with help of physical modeling has shown
high reproducibility of results verification. The optimal parameters of deformation process,
which provide the minimal stress level in metal, have been determined. It has been found, that
effectiveness of deformation penetration into axial zone of continuously cast bloom using a new

method is no less than 15 % higher than in case of one-stage deformation scheme.

J.G Lenard, M.Pietrzyk, L.Cser [21] has in this paper the mathematical and physical
modeling of flat rolling process described. Here he gives us a detailed account of Flat rolling
process .Plasticity of material during rolling and compression, roll deformation, roll separating
force, roll pressure, shear stress, and friction, Friction factor and coefficient of friction.Schey’s

model, sim’s model, Orowan model and refinements to Orowan model, Temperature gain and
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loss during rolling .Static, dynamic and Meta dynamic recrystallization, Roll torque and power
calculations, Influence of physical quantities on rolling, and flexible rolling, Comparison of

some calculations, Base of computational simulation to be done.

Jianhua Ren, Wei Wang, Rong Liu [30] In order to accurately reflect the whole rolled-piece
deformation, the ingressive material size is the primitive billet size is necessary to simulates the
deformations of processes. The calculated results from ingressive material shapes and sizes of
processes through every process can also be recorded as the ingressive one of the next process.
The models are re-established and the grids are divided again according to the shape of the
incoming material before the next process simulation. Through above method, deformation in
whole process can be reflected entirely. 3D finite element analysis program is used as work
platform, the high-speed wire rod rolling process of @20 bar as the research object to be
simulated numerically, using the method of ‘simulation analysis optimization ‘to research .The
first step work of the 12 rolling process is as an example to show the simulating process and
results. The stress field, strain field are simulated in the process of high speed wire rod rolling
.Through analysis, the defects of rolling technology were found out. Therefore, the optimum
design is gotten and then simulated which improved the actual production process and avoided
the original defects. So the optimum design is proved feasible in groove design and the
optimization of process parameters in the production process. The paper is trying to find out the
law of three-dimension metal flow in the rolling process of high-speed rod and summarize the
regularity of the metal deformation. Some viewpoints are proposed about the correct pass

design and the technical parameter of optimization in producing process.

Kuziak,Yi-Wen Cheng,Miroslaw Roman Glowacki,Maciej Pietrzyk [27] In this research
paper modeling of the micro structural evolution of steels during thermo mechanical processing
has increased our understanding of the austenite micro structural restoration processes occurring
during and after plastic deformation. Modeling can accurately characterize the sequences and
interactions of the mechanisms that change the microstructure. Thus, we can predict the effects

of chemical composition and processing parameters on the final microstructure and mechanical
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properties of steel. Modeling is an efficient tool for the development of new steel grades and for
optimizing production technologies, it has great potential for improving the manufacturing
processes and reducing the cost of steel products. The ultimate goal of modeling industrial
processes is to predict the mechanical properties of commercial products. They relate processing
parameters, such as strain, strain rate, and temperature, to microstructures features, such as
volume fraction of the recrystallized material and austenite grain size, with emphasis on the
effect of micro structural changes on the mechanical properties of the final product. Model
predicted mechanical properties were compared with values measured in laboratory and
industrial experiments. The models gave an accurate, quantitative characterization of the plates,
rods, and rails subjected to rolling processes. It is possible that the results of this study provide a

basis for future optimization of the chemical composition and processing of steels.

V. N. DANCHENKO [31] It is interesting to note that plastic deformation of ferrous metals,
non-ferrous metals and alloys presents in this paper. The deformation is conducted in heated
state for decreasing the strain resistance and increasing the plasticity of the worked metal. The
rise in temperature no higher than (0.3-0.4)Tf (Tf — the metal fusion temperature in absolute
scale, °K) doesn’t bring the structure changes to the metal, but the acceleration of diffusion
processes contributes to the healing of structure defects and drop of inner stresses in metal. At
temperatures of heating higher than 0.4Tf the process of grain recovery takes place in the metal.
The processes of structure deformation and metal hardening connected with deformation are
going on simultaneously during the process of hot metal forming as well as the process of

formation of new structure as the result of grain recovery following by the weakening.

A. Romagos [26]As is well known, metal forming under the hot rolling is an important
deformation process in steel manufacturing which a slab is studied by using the rigid-plastic
finite element method. Modeling of the roll and the slab are developed to investigate the effect
of initial rolling temperature, slab thickness, rolling speed, friction coefficient, and reduction
rate on the rolling force, normal force, and effective stress distribution. The shape forming
process for example rolling involves in the types of material, geometry and contact
nonlinearities, and it is difficult to obtain analytical solution. Rolling method and physical

experiment method have thus been often used to study rolling properties over the past decades
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at the expense of time and cost. Due to the result of technology numerical simulation
technology solves rolling problems and can shorten development periods, and reduce the cost of
research and development. From numerical simulation the prediction of rolling pressure and
rolling force of wire, calculation of rolling pressure of strip simulation of stress and temperature
study of deformation of strip and discussion of strain and stress. Finite element method and
numerical simulations have been proved to be a very powerful tool used to indicate the effect of
different parameters that applied during the hot rolling like rolling force and other. Moreover,

friction distribution in the deformation zone is also studied based on 3D models.
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Figure2. 1: Geometry of slab rolling process
The slab (abcd) or microelement bodies in the deformation zone was usually employed to
analysis or develop the modeling of rolling force, as shown in Fig. 1above.In this case the basic
assumptions and equilibrium conditions, the analytical equation of unit force (Karman equation)

is obtained based on any microelement body (abcd) in the deformation zone.

dN_(x)_fd_yiFf_(x)zo 2.1
dx y dx y

Where N(x) is unit force, K is metal natural intensity and Fr(x) is unit friction. It is assumed

that contact condition in the deformation zone obeys Coulomb friction model. If the chord is

used to represent the contact arc, the distribution of unit pressure can be expressed as

N(x) = %[(5 T1) (hf(‘)x))a + 1] 2.2
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Where 6 =%, Ah is reduction rate, hy is initial work-piece height, and h; (x) is the height after

rolling. It is found that the main factors affecting unit pressure are friction coefficient, roller
diameters, reduction rate, work piece height and tensile force. some simplifying assumptions are
employed in the hot rolling technology process parameters rolling and its parameters, rolling
force and their relationship parameters, force rolling, pressure during rolling, roll bite condition,
angle of contact, the reduction, analysis of rolling load, friction and its effect and friction in
rolling.

2.1.4 Gap of Research Work

In different literature the thermo-mechanical output properties of the hot rolling process focuses
on the effects, roll diameter size, angle of bite and pressure exerted by roller on the work piece
but less attention given on the stress-strain curve relationship which have great power to
determine the thermo-mechanical properties of the bloom mild steel. So the relationship of
stress-strain with different value of temperature gets more attention in this paper to know the
properties of the rolled metal and as well as geometric properties of rolled products and
understands the issue of hot rolling in itself very complex because hot rolling is a process that
depends significantly on the flow stress of metal at high temperature, plastic deformation and
physicochemical processes. In general the aim of this paper is to know the effects of each
parameter during the rolling process or deformation in the rolling process, because under hot

rolling process the metal is subjected to a complex flow stress, stress and strain.

CHAPTER THREE
Materials and Research Methodology

This paper took the high temperature rolling process of bloom as the research object and to be
simulated numerically under the thermo-mechanical process with the finite element software

ABAQUS. The simulation results were compared with the actual operation of the production
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process, the rolling simulation reappeared the actual production situation, realized the
visualization of the rolling process. In the field of metal forming simulation, with the increasing
of people's needs, there were a lot more mature commercial simulation software’s which are
convenient for researchers using numerical simulation technique to study the industrial process.
ABAQUS/CAE is a finite element process simulation system to be applied for the analysis of
metal forming and various forming process in related industries and heat treatment process
rolling system is the preparation of a series of roll pockets sequences for roll passes that are
necessary to obtain a desired shape and desired thickness of the rolled material. The fast
improvements in computer software technologies have boosted commercial finite element
analysis packages to analyze complex structures. One of the most popular brand and power full
packages is ABAQUS. In order to meet the objectives of this research, nonlinear finite element
analysis on the bloom mild steel subjected to hot rolling plastic deformation was modeled using
ABAQUS 6.14 to investigate the effects different parameters that involved during the operation
process and cyclic deterioration and resistance mechanisms in terms, deformation. In this
research, the overall response subjected to different load and factors affecting the hot rolling are
identified. This chapter deals with the overall process and method of modeling, analysis and
results of nonlinear finite element analysis using ABAQUS/Standard 6.14 software.
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Figure3. 1: Research methodology flow chart.

3.1 Deformation in rolling zone

Deformation in metal forming is defined as physical phenomenon occurred in metal through the
forming process, to give some results in changing of the shape and the volume, which may be
able to see and measure by some ways as a function to the strain in the metal which represents
the positive and negative elongation when applying tensile or compressive load and The strain
may be divided to two parts (elastic strain: is the strain in which the metal returns to its original
shape after the removal of the load, and proportion with applied stress) and (plastic strain:
is the strain which remains in the metal after the removal of the load, having the stability state,
occur in the metal due to the applied stress over the elastic limit)[1]. The longitudinal rolling is a
continuous forming process, in the course of which the rotating rolls pull the rolled stock into
the roll gap and press it within. These events are not going on at the given moment in the whole
volume of the formed material, but only in its limited part in deformation zone. The
deformation zone is defined by contact arc length (the projected roll gap length) and mean
width. Geometrical characteristic of rolling zone is shown in Figure 4.Total relative deformation

¢ obtained for one pass of material through rolling mill is given [32].
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_ (ho_hl)
e = (3.2)

Where h, thickness of work is piece at the input into rollers and h, is thickness of material at the
output from rollers. However, the equation (3.3) does not describe distribution of deformation in
the rolling zone. Point E in rolling zone (see Figure 3.2) is characterized by distance x from
origin of coordinates and thickness h,. Then, relative deformation ¢ of rolled material after pass

point B to point E is given by formula:

g = Lo lo) (3.3)

x ho
Where thickness h,, is established by equation of a circle with diameter 2R and displacement y

in Y direction within the distance Y.

.=°
Figure3. 2: Geometry of rolling zone.
X2+ (y —¥) = R? (3.4)
Thickness h, is equal to double of y coordinate in point E
he = 2(y, — VRZ — X?) (3.5)

Displacement of circle center y, is equal to the sum of roller radius R and half thickness of
material at the output hl/z.

Yo =R+ (3.6)

Substituting the equations (3.32) and (3.33) into the equation (3.34) gives the relation.
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= R (3.7)

It can be seen that total relative deformation ¢ (see equation (3.32) is involved in the equation

(3.36).By introducing the substitution ¢ into the equation (3.36) and after retreatment we obtain
the equation which describes distribution of relative deformation in rolling zone along the

length of Contact arc L,

sxzs—Z.%.[l— /1—(%)21 (3.8)

Coordinate x belongs to the interval [0, [;]. The length of contact arc [; can be obtained from
formula

I, = J(R.Ah —Ah?/ (3.9)
1, = VR. AR (3.10)

3.2 Rolling & its Parameters

When a piece of metal is rolled between two rolls, the work piece experiences both vertical and
horizontal stresses caused by the compressive load from the rolls and the restrains by the
portions of the work piece before and after the material in contact with the roll respectively. As
the rolls exert a vertical stress on the work piece, the latter exerts the same amount of stress
back onto the rolls itself. As such the rolls are subjected to elastic deformation due to this stress
induced by the work piece [33].Elongation, spread and draft are important parameters which
describe the 3D deformation of a work piece in hot rolling. The early work theory of rolling has
focused on two-dimensional deformation, where the ratio of the width to thickness of the work
piece is high and the spread of the work piece is considered negligible. Nowadays it has been
more important to study and predict metal flow in all directions in order to accurately control
the material properties and final quality of the rolled products. Figure 3.3 shows a flat rolling
process for the deformation of the parallelepiped of material shown in the figure and, draft is
expressed as a linear reduction in height of the work piece under the action of the compressive

force.
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Figure3. 3 :Flat rolling process analysis.

Elongation is defined as the increase in length of the rolled material. Elongation is expressed by
different methods. The lateral flow of the metal in the roll gap causes enlargement
(exceptionally even reduction) of the rolled stock width and is called spread .In the rolling
process, any compression applied to the metal causes it to elongate in the direction of rolling
and to spread in the transverse direction, as we see from the figure 3.3 above. Spread is an
increase in width of the rolled material that is being reduced in thickness. Spread is often

expressed as a difference between maximum values of widths before and after rolling.
3.3 Microstructure Evolution during Hot Deformation

In the modern hot forming practice, achieving the desired mechanical properties of the product
is of prime importance to engineering. The description of deformation resistance behavior of
steel and its microstructure development under hot rolling conditions is still the most commonly
used and the most powerful. The phase transformations during the process of steels allow large
versatility of microstructures, and the different possibilities concerning microconstituents and
mechanical properties can be transformed in new products. The microstructural evolution
during hot deformation of microalloyed steels involves accumulation, annihilation and
rearrangement of dislocations, recrystallization and grain growth. For hot deformation, the
microstructural evolution that occurs in the material is dependent on the size of the reductions,
the strain rate, the temperature and the length of the holding times between reductions. For hot
bloom rolling of steel it is the desired final mechanical and geometrical properties of the bloom
that determines the so called rolling schedule, which is the setup for the rolling process, i.e. the
amount of reduction, the rolling velocity and the temperature. The stored energy due to the

accumulated dislocations during deformation is generally lowered by three processes: recovery,
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recrystallization and grain growth. Recovery is a process where annihilation and rearrangement
of the dislocations occurs. Recrystallization involves the formation of new dislocation free
grains. The grains grow on the expense of the old deformed grains, leaving a new structure with
low dislocation density. Grain growth is the process when the grains coarsen and the grain
boundary area is reduced. Recovery and recrystallization can take place during and after
deformation and to distinguish them they are called dynamic and static, respectively. If the
recrystallization after deformation is preceded by dynamic recrystallization it is called
metadynamic. Metadynamic recrystallization is the continuation of the dynamic
recrystallization at the end of deformation and the nuclei for recrystallization are thus already

present[21].

_ _ Vacancies: creation Flow stress:
D|sloca_t|on and annihilation flow stress of
generation deformed and

recrvstallized

growth

Dislocation ' Recrystallizati
¢ ? on and grain
recovery

Sub grains: Solute drag: Precipitation:

formation, growth, concentration nucleation and

boundary energy and _ _ growth of

misorientation Profile over the grain precipitates
boundary

Figure3. 4: Outline of the sub-models that together represents the microstructural model.

Generally the microstructure is a product of parameters like strain, strain rate and temperature
due to a number of microstructural mechanisms. These mechanisms can both harden and soften
the material. In other words, the ability to slip is made harder or easier. During hot deformation,
mainly three different mechanisms must be taken into consideration: work hardening, recovery

and recrystallization[18].
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3.4 Recrystallization in the Deformation Processes

The definition of recrystallization is “the formation of a new grain structure in a deformed
material by the formation and migration of high angle grain boundaries driven by the stored
energy of deformation. An interesting feature of the rolling process was the possibility of
initiating dynamic recrystallization in the central part of the deformed material. The distinction
between hot and cold rolling depends on the processing temperature with respect to the
recrystallization temperature of material. Rolling is classified according to the temperature of
the metal rolled. If the temperature of the metal stock is above its recrystallization temperature
then the process is termed as hot rolling, whereas if the temperature of stock is below its
recrystallization temperature the process is known as cold rolling. Hot rolling is conducted by
raising the temperature of the steel metal stock to its upper critical temperature to its austenitic
phase, i.e., above the recrystallisation temperature. Then controlled load is applied which forms
the material to the desired profile and specification. While the material is rolled, its temperature
is monitored to make sure it remains above the recrystallization temperature. To maintain a
safety factor, the finishing temperature is usually 500C to 100° C above the recrystallization
temperature. If the temperature does drop below this critical level, then it is not termed as hot
rolling. The austenite grains get deformed / elongated in the rolling direction. However, these
elongated grains start recrystallising as soon as these come out from the deformation zone.

NEUTRAL POINT
FRICTIONAL FORCE

UNWORKED ELONGATED CRYTALS

CRYSTALS

DIRECTION OF TRAVEL

RECRYSTALISED
CRYSTALS

XX- ENTRY PLANE YY-EXIT PLANE
Figure3. 5 : Hot Rolling & Recrystallisation

The unidirectional austenite grains dissolve as soon as the temperature drops below the upper
critical temperature. These are entirely replaced by a new set of grains, to nucleate / recrystallize
and grow into ferrite-perlite structure. The recrystallized ferrite-perlite grains maintain equiaxed
microstructure and prevent the metal property from becoming unidirectional and work
hardened. It is usually accompanied by a reduction in the strength and hardness of a material

and a simultaneous increase in the ductility. Recrystallization may occur during or after
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deformation (during cooling or subsequent heat treatment).The rate of recrystallization is
heavily influenced by the amount of deformation applied. Heavily deformed materials
recrystallize more rapidly than those deformed to a lesser extent. Indeed, below a certain
percentage deformation recrystallization may never occur. Deformation at higher temperatures
allows concurrent recovery. Materials recrystallize more slowly than those deformed at room
temperature e.g. contrast hot and cold rolling The volume fraction of recrystallized grains
increases with temperature for a given time. The most important industrial uses are the
softening of metals previously hardened by cold work, which have lost their ductility, and the
control of the grain structure in the final product[33].

3.5 Modeling Bloom size (Deformable)

For typical contact analysis, the square bloom is defined as elastic-plastic deformable body and
its geometrical shape is described in a discrete form. The material of bloom is high quality of
mild steel of ASTM A36 steel and can endure high temperature .A mild steel of ASTM A36
with dimensions 320x320x3000 mm (wxhxl) was used as a the bloom material in this
simulation, see figure 7. The gap between the two rolls was less than the thickness the work
piece , the rolling operation achieved in one pass under temperature of 1100-1300 °C. A
bloom is piece of raw steel, before it is shaped into a finished product. A bloom is metal that has
a square cross-section which is created directly via continuous casting or indirectly via hot
rolling an ingot have highly malleable and ductile, which allows them to be hot worked to give

them the specific shapes and properties desired.
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Figure3. 6 :Modeling of bloom by abaqus software.

The material chosen for the specimen is A36 structural steel is chosen because it is commonly
used as standard construction material. Appendix D shows the Material properties of A36

structural steel.

3.6 Modeling Roller Size (absolutely Rigid)

The rotating rollers are modeled as rigid contact-bodies. In hot rolling process the main tool is
roll and for rolling the desired properties of the roll are playing important role. Rolls are most
vital part of a rolling mill. The deformation of metal work piece is directly accomplished by the
rolls. The rolling stresses are first of all applied on rolls and after that transmitted to other
sections of a mill. Consequently, the rolls had to be harder and more resistive to deformation
than the metal under processing [34]. Hardness, stiffness, load, rigidity should be in such a way
that the roll should work safely and without unexpected breakage and deformations. It is
necessary to know the load applied to the component and to understand the material properties
[35]. The roller is a basic part of the roll stand usually modeled in a system as a pair, and
considered (assumed) to be rigid or as non-deformable rigid bodies obviously, which only
elastic deformation are expected in the roller at least in macroscopic scale and Friction between
stock and rolls was modeled using the Coulomb friction law with a friction coefficient, p and

the metal between the rolls is plastically deformed.

Figure3. 7: Modeling of Roll Geometry
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They ensure the required shape, dimension and surface quality of the rolled metal. They transfer
the force and torque load to the work piece. They are divided into: as per material and process
technology cast iron, steel cast, steel forged, compound, and as per forming technology for
rolling of flat products grooved and special, and also as per placing in the roll stand - horizontal
and vertical. For work roll generally EN 31Tool Steel is used for rolling of mild steel metal
[35]. Rolls are required to carry out the heavy work of reduction necessary for hot rolling. Rolls
are tools which have to take all kinds of stresses, loads from normal and abnormal rolling and
changing with roll wear during rolling process. Rolls are regularly redressed to rebuild the
desired shape and to eliminate the worn, fire-cracked and fatigued surface, and they never last
as long as roll users would like. The final goal is always to increase the quality of finished
rolled products (tolerances, surface) and at the same time to increase the length of rolling
process, to improve roll performance and to reduce the risks of roll damage. Rolls come in a
wide variety of sizes; the smallest roll weighs only a few kilograms, the heaviest around 4.5
tons a piece, and the variety of grades used is also wide, from ductile iron to tungsten carbide,
cast iron, steel cast, steel forged, compound, covering all kinds of tool steels and special steels,
used only for rolls [36]. This study is concerned mainly with steel rolling mill of first pass of
roughing bloom deformation using two-high-roughing mill stand which is suitable for hot
rolling of the bloom with initial cross-section 192000 mm square and 3 m initial length in one
passes. The mass of one bloom was 4500 kg. The rolling material was reinforcement steel mark
according to American standard ASTM A36. The total length of the roll barrel was 2300mm -
2800 mm, the roll barrel length was 1500 mm and the roll barrel diameter was 950 mm. The roll
machining due to wearing was estimated after 4500 rolling tons of steel. To reduce the
computational time, only one half of the geometric model is considered in numerical simulation
due to rolling symmetry. The meshes are very dense in the contact zone, as shown in Figure 10.
Thermo-mechanical coupling FEM and isoparametric technology are used to develop the
models. The rolls are assumed or considered to be rigid and heat transfer body, and their
material is an iron steel of high chromium and the chemical composition is given as: 1.5% C,
0.75% Si, 0.67% Mn, 5.5% Cr, 2.6% Mo, 1.43% V and 1.82% W. The work piece material is a
typical carbon steel and its chemical composition is defined as follows: 0.14% C, 0.62% Mn,
0.27% Si, 0.032% P and 0.041% S. It obeys Von Mises vyield criterion and the flow rule.
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Uniform temperature distribution is assumed throughout the original work piece. The density of
the material is 7800/7850 kg/m3and the Poisson’s ratio is 0.3. The material’s elastic module,

heat expansion factor, heat conduction rate and specific heat are the function of temperature.

Actual Half-Simulation Mirrored Results

-1 Fridul 16 17:52:18 Pacific Daylight Timme 2021

Figure3. 8: The two-high finite element meshes of the square flat blooms and the roll.

The steel bar was built as a three-dimensional deformable part using 8-node brick element
(C3D8RT), and rollers were modeled as rigid parts using 4-node rigid element (R3D4)[37]

A 3Dhexaedral element was employed to mesh the complicated geometry of the bloom
(especially when deformated). A mesh refinement analysis was performed for the first pass and
the analysis showed that a 30-40 mm mesh element size was adequate. The model is able to
regenerate the mesh to replace the excessively distorted elements during the simulation of the
rolling process. The rolls were considered as rigid bodies for the simulations. In the present
work, the rolling mill configuration and the bloom were modeled using ABAQUS software and
then exported to the FEM ABAQUS software version 6.14.

Pass sequence number 1(one)
Pass geometry Square bar (bloom)
Entry cross section dimensions 320x320x3000 (mm)
Rotational speed 300m/s
Roll gap Less than the thickness of the work piece
Roller dia 800-950(mm)
Angular velocity Trad/s
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Table3. 1: Rolling dimensions and conditions adopted for the passes of a two high stand rolling
sequence.

3.7 Mechanical properties of metals

Forces and deformations during the hot metal forming depend upon mechanical properties of
processed materials, which in their turn depend upon the nature (chemical composition,
structure) of metal as well as upon the deformation conditions (temperature, degree and rate of
deformation)[31].Prediction of deformation and mechanical properties in hot rolling is of
importance to field engineers in order to manufacturing high quality and quality products.
Plastic deformation of metal causes not only the change of shape and sizes of mild steel bloom
during the process of hot plastic working (rolling), but also the change of physical-mechanical
as well as chemical properties of the metal [31]. The deformation is conducted in heated state for
decreasing the strain resistance and increasing the plasticity of the worked metal. Forces and
deformations during the hot metal forming depend upon mechanical properties of processed
materials, which in their turn depend upon the nature (chemical composition, structure) of metal
as well as wupon the deformation conditions (temperature, degree and rate of
deformation).Strength, elasticity, plasticity, impact strength and hardness are concerned to be
the mechanical properties. The strength of the metal is interpreted as its ability to stand without
damages applied loads at which the internal in stresses metal do not exceed some limit value for
the given metal. This value is called ultimate strength or ultimate resistance[31]. The large
differences in elastic modulus between the work roll and the bloom causes the work roll to
behave as a virtually rigid material. The thermo-physical properties of the bloom and the steel
work roll are taken from Biswas (2011).

In general to work out a model for the hot rolling process the data have been used as input
parameters for deformation simulations of hot rolling mill using abaqus software given as
follows.

Parameters of the process Values
Bloom material type Carbon Steel-ASTM,A36 (mild steel)
Bloom cross section 320x320mm?
Bloom length 3000mm
Input bloom temperature 1000°C-1300°C
Initial temperature of rollers 50°C-100°C or
Roller Diameter 800mm-950 mm (920mm)
Rolling speed 60 RPM
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Heat transfer coefficient in air (W/m?K) 10
Heat transfer coefficient in deformation(Wm?/K 10,000
Coefficient of friction(j) 0.25,0.30,0.35,0.40,0.45,0.50,0.55,0.60,0.65,0.7
Roll material type Absolutely Rigid

Table3. 2: Input Parameters for deformation simulations of hot rolling mill using abaqus
software.

Hot rolling is one of the most important and complex deformation processes in steel
manufacturing. Metal forming phenomena, such as plastic deformation, recrystallization, and
recovery, occur during the hot rolling to endow metal with expected microstructure and
mechanical properties. The careful control of processing as well as material variables during hot
rolling can be used to generate materials with better mechanical properties.

Property Value
Modulus of elasticity (E) 200,000x10°MPa -210,000x10°MPa
e ©) Ty~ o p
250MPa
U.Itimate. strength 400MPa-500MPa
Deform-atlon re3|?tance@ 1000°C 120MPa
Straln-hardenlng exponent 021
Strain rate of exponent 0.13
Poisson’s ratio u
I.  Elastic range 0.3
ii.  Plastic range 0.5
Unit mass of steel, p 2800 kg/m3
Coefficient of thermal expansion,a; 12x1076/°C
Brinell hardness number 150-190
Vickers hardness number 157-190
Approximate melting point 1530°C

JU, JIT, MSC-THESIS2022 Page 33



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under

Hot Rolling Mills
Thermal conductivity 143.4 W/m
Material Carbon-steel
Surface emissivity 0.8

Table3.3 :Materials and Mechanical properties of ASTM A36 mild steel or structural steel.

Carbon is the main element influencing the steel properties. The increase of carbon content in

steel causes the decrease of plasticity and strain resistance increases.

ASTM C Mn Si S P Cu Fe
A36(mild
steel)
(0.28)% (0.6-0.90) 0.25% 0.05% 0.04% 0.2% 98.0%

Table3. 4 : Chemical composition of ASTM A36 (mild steel)
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473 520 7880 210 0.30 1.10 380

Table3. 5 : Temperature dependent properties of ASTM A36 carbon steel.

3.8 Basic Concepts in Rolling Process and Geometrical Relations

At the heart of the rolling operations the process during which the plastic steel passes between
at least two rotating rolls (right circular cylinders). In a most accustomed configuration the axes
of rolls are parallel and lie in the same plane, so called “exit plane”. Clockwise rotation of one
roll and the simultaneous counter-clockwise rotation of the other roll are maintained by motor
drive via set of spindles. Processed bloom is drawn into the deformation zone by the friction
forces developing along the contact interface between the rolled steel and the rotating rolls. A

sketch of a rolling pass is depicted in Figure 3.9.
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Figure3. 9 : Side views of the deformation zone [bloom]

Before the rolling can commence; steel has to be re-heated in special furnaces to temperatures
of deformation. Process that follows can be generally described as a sequence of rolling passes
where by the vertical cross-section area of the rolled cylinder is gradually decreased. To enable
this series of passes, rolls are assembled within so called housing. Housing is a major frame
within a more complex assembly called rolling mill stand. Rolling mill stand is equipped with a
mechanism which allows for changing the height between the passes. In order to discuss the
basic principles of rolling, we shall analyses relations during the single passing through a gap of
rolls. Single rolling pass will occur when the horizontal resultant of friction force overcomes the
horizontal resultant of the steel deformation force.

3.9 Mechanism of Roll Bite

Depending on the conditions under which the metal is introduced into the roll gap two situations
can occur: - (1) the metal is gripped by the rolls and pulled along into the roll gap and (2) The
metal slips over the roll surface. The factors which decide the behavior of metal in the roll gap
are the magnitude of the angle of bite, and the ratio of this angle to the friction angle. The size
of the frictional force depends on the condition of the surfaces in contact (the rougher the
surfaces the greater the frictional force) and on the velocity of slip and the roll pressure. By the
third law of dynamics, which states that every action has an equal and opposite reaction, metal
introduced between the rolls exerts a pressure on the rolls at the point of contact, and the rolls

act on the metal with an equal and opposite reactive force. For the work piece to enter the throat
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of the roll, the component of the friction force must be equal to or greater than the horizontal
component of the normal force. For the work piece to enter the throat of the roll, the component
of the friction force must be equal to or greater than the horizontal component of the normal
force[38].

The angle or

+Dite or the angle
o !

of contact

Figure3. 10 : Roll bite condition
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F is a tangential friction force & B. is radial force , If tan a > |, the work piece cannot be
drawn. If p = 0, rolling cannot occur. The maximum angle of « at which free rolling can take
place without using force to push the metal into the roll gap is called the maximum angle of
bite. The usual values of biting angles employed in the metal working industry are: 2-10° for
cold rolling of sheets and strips; 15-20° for hot rolling of sheets and strips; 24-30° for hot

rolling of heavy billets and blooms. Maximum reduction from triangle ABC, we have[39]

R? = L?,(R— a)? (3.11a)
L*, = R* — (R* — 2Ra + a®) (3.11b)
L*, = 2Ra — a* = 2Ra (3.11c)

As a is much smaller than R, a? can be neglected

L, =V2Ra ~ VRAh (3.12a)

u=tana = L—”Ah ~ \/ARE - Ah,,0 = 2R Maximu reduction in thicknes (3.12b)
2
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Figure3. 11: Roll bite maximum reduction condition

3.1.1 Friction and Contact Conditions

Friction is one of the important parameters in metal forming processes since it affects metal
flow in the rolling, forming load, strain distribution, roller life, surface quality of the product
etc. The range of coefficient of friction in different metal forming applications is not well
known and the factors affecting variation are ambiguous. Commercially available FEA
packages input the coefficient of friction as constant among the whole process which is not a
realistic approach[40].The friction and contact conditions in this section are described between
two boundaries that belong to the rigid and deformable bodies or friction, in a simple manner,
can be described as “surface resistance to the relative sliding or rolling motion” while in metal
forming operations this term converts to work piece-roller surface resistance to metal flow.
Although several different methods have been presented in describing the macroscopic contact
and friction phenomena within the framework of continuum mechanics, the method of point
wise description of friction and contact conditions has been used in most practical applications.

The contact condition and friction can be summarized as flows [41]:
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3.1.2 Numerical (Mathematical) Aspects of Contact modeling

When modeling contact phenomenon in a problem, such as in the hot rolling process, boundary
conditions such as friction factor, contact area, contact pressure and material properties on the\
contact interface are changed during the process; therefore, the numerical simulation of contact
phenomenon is a non-linear problem. Boundary non-linear (BNL), which is so called contact
problem, needs to be well defined, that is, the numerical characters of the interface friction
condition should be defined properly. In the hot metal deformation, the interfacial friction
condition has significant influence on deformation, and cannot be measured precisely[42].The
simulation of many physical problems requires the ability to model the contact phenomena. The
analysis of contact behavior is complex because of the requirement to accurately track the
motion of multiple geometric bodies, and the motion due to the interaction of these bodies after
contact occurs. This includes representing the friction between surfaces and heat transfer
between the bodies if required. The numerical objective is to detect the motion of the bodies,
apply a constraint to avoid penetration, and apply appropriate boundary conditions to simulate
the frictional behavior and heat transfer. Contact problems categorized into two domains; the
first is when a deformable body makes contact with a rigid surface and the second is when a
deformable body makes contact with another deformable body or itself [43]. Contact, by nature,
is a non-linear boundary value problem. During contact, mechanical loads and sometimes heat
are transmitted across the area of contact. If friction is present, shear forces are also transmitted.
Boundary contact conditions cause huge difficulties and make the convergence of the model
extremely difficult. It is necessary to match the initial geometric shape as well as possible, but
also to introduce test to determine when a node comes into contact with a rigid or elastic tool.
This can be done geometrically, and the node then restored to the surface if it has apparently
crossed the boundary. It is then necessary to determine whether the normal force has become
tensile, before re-sitting the node[44]. Contact can be defined as finding the displacement of
points A and B such that

(uy —ug).n=TOL (3.13)
Where A is on one body and B is on another body, n is the direction cosine of a vector between

the two points, and TOL is the closure distance.
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Figure3. 12 : Normal gaps between potentially contacting bodies

Contact problems are commonly divided into two domains:
a) A deformable body makes contact with a rigid surface; b) A deformable body makes contact
with another deformable body or itself. The contact situations that used in our study of the

rolling problem: deformable to rigid body contact.
3.1.3 Deformable-Rigid Contact

The deformable rigid contact used in this case where the work piece is modeled as a deformable
element but the rolls are modeled as a rigid body. This method is computationally inexpensive
and it is the one used in most cases in this thesis. In such a problem, a target node on the
deformable body has no constraint while contact does not occur. Once contact is detected, the
degrees of freedom are transformed to a local system and a constraint is imposed such that [
19,27, 49]

AUpormat =V .10 (3.41)
Where v is the prescribed velocity of the rigid surface. This local transformation is continuously
updated to reflect sliding of point A along the rigid surface. If the contact is glue contact, an
additional displacement constraint is activated or if the glue option is activated, an additional

displacement constraint is formed as [46].

Aatangential =v.t (3.15)
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Figure3. 13 :Contact Coordinate Systems
3.1.4 Contact Detection

The determination of when contact occurs and the calculation of the normal vector are critical to
the numerical simulation. The procedure used by MSC Marc is as follows: In the deformable to
rigid body contact case, the contact procedure has three cases:

Case 1: Contact not detected when

Auy.n < |D —d| (3.16)
In this case node A does not touch the rigid surface so no constraint is applied

Case 2: Contact detected when

|Auy.n—d| <D (3.17)
In case 2a node A is near the rigid body within tolerance and contact constraint pulls node A to
contact surface if F < F; In case 2b node A penetrates within tolerance and the contact constraint

pushes node A to contact surface.
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Figure3. 14: Deformable to Rigid Body Contact Procedure MSC Software Corporation

Where v =the prescribed velocity of the rigid surface, Au, = incremental displacement vector
of node A, 7= unit normal vector with proper orientation, t= unit tangential vector, D=contact
distance, F, =separation force, TOL=contact closure distance.

Case 3: Penetration detected when

Auy.m > |D +d| (3.18)
In this case node A penetrates out of tolerance and increment gets split (loads reduced) until no
penetration occurs. By default, in most models, the contact tolerance is equally applied to both

sides of a segment. This can be changed by introducing a bias factor B such that0 < B < 1.

AD.__. (1-B)
iD(‘ON{d('I X KA
A
D . - ‘ Dc‘ontuc‘!( 1+ B)
' contact Y
default with bias factor

Figure3. 15 : Bias factor MSC Software Corporation
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Choosing a bias factor > 0 may be useful to reduce increment splitting since the distance to
cause penetration is increased, and to improve accuracy, since the distance below which a node

comes into contact is reduced.

default with bias factor

Figure3. 16: Bias factor comparison MSC Software Corporation

The contact condition can be summarized as: Any material particle of a given body cannot
penetrate into another, the normal component of contact traction must be compressive for each
body, a pair of contact points can separate only when the contact traction vanishes or becomes

tensile
3.1.5 Friction Modeling in Rolling

Friction occurs everywhere, including human acts, many things depend on friction. Usually
friction presents in machines parts during the operation. Friction is not required almost
everywhere, so a great deal is done to reduce it by control or by design. Friction is often
quantified by a coefficient of friction (u), expressing the ratio of the friction force to the applied
load. It is a very complicated phenomenon arising from the contact of surfaces of two bodies.
The boundary conditions to be satisfied by the solution of the equations of the mechanical
component of the model of the flat rolling process include the friction stress at the roll-strip
interface as well as the shape of that interface [47]. The movement of one component relatively
to another one, both pressed together by some load, a force is necessary. The amount of force
depends on the surface conditions of both parts and on the coefficient of friction between the
two partners [48].The resistance occur or originated during displacement of one solid along the
surface of the other is called contact friction or external. The force that resist the relative
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displacement of solids is called friction force [31].Friction, in a simple manner, can be
described as “surface resistance to the relative sliding or rolling motion while in metal forming
operations this term converts to “work piece-roller surface resistance to metal flow. Due to the
highly non-linear behavior, contact modeling remains among the more difficult disciplines
within finite element simulations. Contact between work pieces and tooling and in-between
work pieces define the shape of formed components in metal forming. Descriptions of the
contact between a deformable work piece and rigid tools are given based on mechanical contact
while thermal contacts are included by simplification of the mechanical description. The
mechanical contact conditions can be separated into normal constraints and tangential
constraints. The normal constraint is always that the contacting surfaces cannot penetrate into
each other. The tangential constraints depend on the treatment of friction. In case of a
frictionless approach, there are no tangential constraints and in case of full sticking, the
tangential constraints are similar to the normal constraint since relative sliding is not allowed. In
case of frictional conditions (including combined sticking and sliding), the constraints are
governed by the employed friction law. Whenever two solid bodies move over each other the
phenomenon of friction occurs, i.e. a force resisting the relative movement of the bodies. If a
resultant force acts on the base of a rigid body, then to move the body a certain force is required
to overcome the frictional resistance between the base of the body and the plane on which it
rests [49]. The resistance that is encountered when two bodies are rubbed against each other is
called friction. Friction is an important factor in metal forming. It dissipates energy and hence
increases the force needed to deform a material. It generates heat, which complicates the control
of the deformation temperature. It can affect the material flow during deformation and leads to
inhomogeneous deformation. The friction between the metal and rolls affects the forming
process, increase the required load for forming, reduce the surface quality and increase the wear
of tools [38]. The first ‘recorded’ recognition of friction came from Leonardo da Vinci (Schey
[1970]). The subject was rediscovered by Amontons (Amontons [1699], Schey[1970], Moller
and Boor [1996]). Friction coefficient was postulated by Amontons and Coulomb (Coulomb
[1785], Schey [1970], Moller and Boor [1996]) as proportional to the normal force and
independent of contact area and relative speed of the moving surfaces [50]. Friction is a

complex physical phenomenon that involves the characteristics of the surface such as surface
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roughness, temperature, normal stress, and relative velocity[51]. The actual physics of friction
continues to be a topic of research. Hence, the numerical modeling of friction has been

simplified to three idealistic models [19].
3.1.6 Stick-Slip Friction Model (Stick-slip (Modified Step Function) Model)

In sticking contact there is no sliding between the surfaces in contact, based on this the
Coulomb model of friction models is the transition from stick to slip. Discovered by Leonardo
da Vinci in the 15" century, and verified by experiments by Charles A. Coulomb in the 18"
century, this stick slip friction model uses a penalty method to describe the step function of
Coulomb’s Law [43].

cepf an -

—*

=~

Figure3. 17: Modified Step Function or Stick-slip Friction Parameters.
With F, < uF, static and F; < auF, kinetic where F, =
tangential force(friction force), F, = normal reaction, Au; =
incremental tangential displacemen , = stick to slip transition region, a. =

coefficient multiplier and & =small constant— 107° so that g — 0.
3.1.7 Adhesive Friction or Coulomb Sliding Friction Model

An adhesive model of friction in which the friction stress is based upon the coefficient of
friction and the equivalent normal stress at the surface. The most commonly model used and the
one used in this work to model the friction between the work piece and the rolls [43] Coulomb
sliding friction model is:

Oy < —UOp. T (3.19)
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a,= normal stress, og,=tangential/shear friction stress, u= friction coefficient and t= tangential

vector in the direction of the relative velocity.
VUr

= (3.20)
v, = relative sliding velocity.

The Coulomb model is also often written with respect to forces

fi < uft (3.22)
Where f; = tangential force, f, = normal reaction

For a given normal stress, the friction stress has a step function behavior based upon the value
of, v,.or Au.

Gt or ft

A

l4—— Stick

|

Slip

P ‘v‘r Dr‘ﬂut

Figure3. 18: Coulomb Friction Model.

Since this discontinuity in the friction value may easily cause numerical difficulties, different
approximations of the step function have been implemented. They are graphically represented in

Figure and they will be successively discussed[51].
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Figure3. 19 : Different Approximations for the Coulomb Friction Model
2 Uy
Ofy < —HO, —arctan (m) .t (3.22)

Physically, the value of v, can be seen as the value of the relative velocity below which sticking
occurs. The value of |v,|is important in determining how closely the mathematical model
represents the step function, as shown in Figure. A very large value of |v,| results in a reduced
value of the effective friction. A very small value may result in poor convergence. It is
recommended that the value of be 1% to 10% of a typical relative sliding velocity |v,|.

In terms of the tangential and normal force

fi < —,ufn%arc tan (v—r) .t (3.22)

[vr|

10

Figure3. 20 : Force based Coulomb model approximation (fn=1, C=|vr |).
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Coulomb friction is a highly nonlinear phenomenon dependent upon both the normal force and
relative velocity. Incidentally, this is the model used by Chen and Kobayashi in which the

frictional forces are dependent on the velocity and also the one used in this thesis. Therefore, for

the finite element models shown in this work, of, < —,uan%arc tan (i)is is the friction

vy |

stress[52].

3.1.8 Shear (Sliding) Friction Model: is proposed a general friction model resembling
the two above laws at low and high normal pressures and providing a transition in-between the
above Figh3. The Coulomb friction model sometimes does not correlate well with experimental
observations when the normal force/stress becomes large. If the normal stress becomes large,
the Coulomb model might predict that the frictional shear stresses increase to a level that can
exceed the flow stress or the failure stress of the material. As this is not physically possible, the
choices are either to have a nonlinear coefficient of friction or to use the cohesive, shear based
friction model. The shear based model states that the frictional stress is[42,49] a fraction of the

equivalent stress in the material:
Ofr < ,u% (stick) and op, — u%t (slip) (3.23)
Again, this model is implemented using an arctangent function to smooth out the step function:

Opr < —H %%arc tan (v—r> .t (3.24

[vr

With u(x, f,, T, v, 0)=friction coefficient where:-X= position of the point at which friction is
being calculated, f, =normal force at the point at which friction is being
calculated,T =temperature at the point at which friction is being calculated, v, relative sliding
velocity between point at which friction is being calculated and a surface o = flow stress of the
material.

A contact analysis has several consequences on performing a coupled analysis. When
performing a coupled contact analysis between multiple deformable bodies; each body deforms
due to mechanical and thermal loads and undergoes heat conduction. When the bodies come
into contact, there is heat flux across the surfaces. You need to provide a coefficient of heat
transfer between the surfaces. This is often quite significant as a hot work piece might come

into contact with a cold tool set. The heat rate generated due to friction is expressed by [43]
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er = ffrvr.Meq (3.25)
Where M, = (is the mechanical equivalent of heat)fraction of friction energy that is

converted to heat, f,. =friction force, v, =relative roll-work piece sliding velocity
f,

t

uty

d slip threshold

Figure3. 21: Shear Friction Model.

The Friction condition can be summarized as:

The magnitude of the tangential component of contact traction must be less than or equal to that
of the normal component multiplied by a coefficient of friction. The instantaneous relative
motion in the tangential direction for a pair of contact points can take place when the equality in
(a) above holds. The tangential relative motion must be along the same line as the tangential

component of contact traction but in the opposite direction.
3.1.9The thermo-mechanical modeling of flat rolling

The thermo-mechanical analysis has been carried out employing an incremental procedure in
order to follow the whole transient process from the work piece input phase to the
achievement of steady-state conditions; at each step of the deformation path a staggered
approach is used, which consists first of an heat transfer analysis and subsequently a
mechanical one, where the work piece and the rolls properties are evaluated on the basis
of the temperature field [3].The definition of coupled systems includes the multiple domains
and independent or dependent variables describing different physical systems. In the situation
with multiple domains, the solution for both domains is obtained simultaneously. The challenge
in modeling this process is that a coupling between the thermal history and the mechanical
behavior of the material during rolling pass occurs [53]. For the applications studied, thermo-
mechanical coupling is not very strong so rather than directly solving the full (g, T, v, p)
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problem, which increases very significantly the problem size, equations are solved in an
iterative manner until convergence. Similarly, the dependent variables cannot be condensed out
of the equilibrium equations explicitly. Coupled systems can be classified into two categories
[54]: Interface variables coupling occurs through the interfaces of the domain. The domains can
be physically different (for example, fluid-solid interaction) or physically the same but with
different discretization (for example, mesh partition with explicit procedures in different
domains).Field variables coupling occurs through the governing differential equations
describing different physical phenomenon; for example, the coupling between the thermal and
mechanical problems takes place through the temperature-dependent material properties in the
mechanical (stress) problem and the internal heat generation in the mechanical problem caused
by plastic work, which serves as input for the heat transfer problem. The temperature
distribution and displacements are obtained [54].Under the operations that performed in the
metal forming industry (such as casting, extrusion, rolling, and stamping) can require a coupled
thermo-mechanical analysis that we can observed physical phenomena must be modeled by a
coupled analysis if the following conditions pertain: The body undergoes large deformations
such that there is a change in the boundary conditions associated with the heat transfer problem.
Deformation converts mechanical work into heat through an irreversible process which is large
relative to other heat sources. In either case, a change in the temperature distribution contributes
to the deformation of the body through thermal strains and influences the material properties
[54].There are two primary causes of coupling. First, coupling occurs when deformations result
in a change in the associated heat transfer problem and such a change can be due to either large
deformation or contact and the second cause of coupling is heat generated due to inelastic
deformation. Mathematical models of the flat rolling process are numerous [55]. In each, the
equations of motion, thermal balance, material properties and roll deformation are used to
calculate the stress, strain, strain rate, velocity and temperature fields, the roll pressure
distribution, roll separating forces and roll torques. The accuracy of these models depends on
the quality of the assumptions made. In the conventional models, most researchers assume the
existence of homogeneous compression of the work materials, considered to be made of an
isotropic and homogeneous material that is incompressible in the plastic state. Further, plane

strain conditions are assumed to exist and either a constant friction factor or Coulomb friction
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conditions apply at the roll-work piece interface. Assumptions and simplifications vary broadly
when finite element methods are employed [11,12]. As far as rolling is concerned, a general or
complete mathematical model of the flat rolling process should include [29,70]: Equations of
motion of the deformed metal, Heat balance of the roll/work piece system, equations of
equilibrium of the work roll, description of the frictional forces between the work roll and the
metal, Description of the material properties [47]. A general mathematical model of the flat
rolling process may be formulated following the discussion above. As the work piece enters the
roll gap it is first deformed elastically. It speeds up; the relative velocity between the roll and
the work piece is such that friction draws the metal in. The criterion of plastic flow governs the
manner in which the transformation from elastic to plastic happens in what is known as the
elastic-plastic interface. The work piece proceeds through the roll gap and more plastic flow
occurs until finally at the exit roll pressure is removed. It is observed that during rolling, the
relative velocities of the roll and the rolled metal change and as the rolled metal is accelerating
forward it reaches the roll surface velocity at the no-slip or neutral point. From then on, as
further compression occurs, the bloom speeds up and the direction of friction changes in such a
way that it now retards motion. Exit velocity of the bloom is often larger than that of the roll
and the difference between the two velocities is determined by the forward slip
[3,11,12,65].Thermal events occurring during the bloom passage through the roll gap are also of
importance. In fact, it is the thermal events that contribute most to the metallurgical
developments of the final structure of the rolled material. Surface conditions, roll wear and thus
roll life are also affected by thermal conditions. Heat is generated because of the work done on
the rolled metal, increasing its temperature. Interfacial friction forces also cause the temperature
to rise. Contact with the cold and often water-cooled rolls also causes heat losses. Metallurgical
transformations also contribute to temperature changes. A complete mathematical model should
account for both thermal and mechanical events, which occur in the deformation zone during
the rolling  process [12,13].Several assumptions regarding material behavior must be made.
The material is usually assumed to be, and to remain, isotropic and homogeneous; it is
considered to be elastic-plastic even though as gross plastic straining takes place, elastic
deformations may be quite small in comparison to plastic strains. During forming the volume of

the plastic region is taken to remain constant, and finally, a plane state of strain is assumed to
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exit [58]. In this chapter we will study the governing equations and boundary conditions for the
mechanical problem portion of the rolling problem. Then, we will study the heat transfer and
thermal balance problem looking at the five sources of heat transfer as well as the heat transfer
boundary conditions involved in the hot rolling problems. Finally, we will take a look at the
main classical mathematical rolling model, developed by von Karman. We will study the
mathematical aspects of the complicated contact problem, paying attention to the rigid-
deformable cases. The friction problem and its influence in the rolling problem will then be
examined. Later in this chapter, we will take a look at the main theory of plasticity issues, and
the material model used in this thesis for the hot rolling problems. Thermo-mechanical
modeling of hot rolling mild steel (bloom)is a fully coupled problem that is highly non-linear
because of the interactions between temperature, strain and strain rate and applied to the initial
material leads to semi or final products characterized by new, better properties (with respect to
the initial material).So an integrated mathematical model of thermo-mechanical behavior of the
hot rolling process are employed to determining the effects of various rolling parameters on the
thermo-mechanical behavior of the rolled metal during rolling process by applying proper
boundary conditions which help us to solve the equation governing thermo-mechanical
coupled problem.

By having a great understanding of the physics of the thermo-mechanical coupled problem we
can then model these physics into our model second order linear homogeneous partial
differential equation for the thermal portion of the problem, together with the boundary and
initial conditions constitutes a thermal initial boundary value problem which we will solve using
a variational approach that will be implemented into the finite element formulation. The
mechanical portion of the problem leads to another set of partial differential equation given by
the equilibrium conditions, the compatibility conditions, the constitutive equations, and the
yield criterion, which together with the boundary conditions, lead to a mechanical initial
boundary value problem whose solution is obtained through a variational approach that
requires among the admissible velocities vi that satisfy the conditions of compatibility and
incompressibility, as well as the velocity boundary conditions, the actual solution gives the
mechanical functional a stationary value .The final solution to our problem will be determined

by the simultaneous solutions of these two initial boundary value problem due to the strong
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coupling between the mechanical and the thermal problems. There are two primary causes of
coupling. First, coupling occurs when deformations result in a change in the associated heat
transfer problem. Such a change can be due to either large deformation or contact. The second
cause of coupling is heat generated due to inelastic deformation. The irreversibility of plastic
flow causes an increase in the amount of entropy in the body, which in turns results in changes

to the associated mechanical problem.

3.2.1 Mechanical Initial Boundary Conditions.

The success of a mathematical model is measured by its predictive ability. The mathematical
description of the problem is not complete until boundary conditions have been properly
specified during the deformation process; the boundary conditions of the solid must be
modified. Boundary conditions in the rolling process include friction stresses on the contact
surface, the shape of that surface and tensions at the entry and exit regions [55]. This is typically
the case when a part of the solid boundary comes into contact with another solid, such as a
roller in metal forming processes: if this occurs, the new boundary conditions must take account
of the contact stresses (pressure and friction) between both solids [59].The mechanical
boundary value problem is governed by equilibrium equations; von Mises yield criterion, flow
rule, and constitutive equations. Boundary conditions are assigned to rolls velocity and surface
tractions on the rolls-work piece contact interface. Contact properties are defined as a stick-slip
numerical model based on the Coulomb friction model [22]. Realistic analysis of the flat rolling
processes means that the events taking place during a pass should be looked at a coupled
thermo-mechanical problem [55]. Arbitrary separation of these components may lead to
erroneous appreciation of the variables and parameters that characterize the process and will be
able to properly take into account the following combined phenomena includes [70,75]:- heat
generation due to plastic work, heat generation due to friction forces, accumulation of the
deformation work connected with an increase of dislocation density, thermal events connected
with metallurgical transformations, cooling by air or by water spray on free surfaces, cooling
due to contact with the roll. Radiation from the bloom at 1100°C -1300 °C to the environment in
the hot rolling. It is of course well known that during hot rolling the metallurgical and

mechanical properties of the metal depend strongly on the temperature [55].In order to obtain a
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solution for stress, strain, strain rate, velocity and temperature fields with in the rolled metal an,
appropriate boundary and initial conditions have to be introduced. The mechanical boundary
conditions which are given by the prescribed velocities and tractions along the boundary of the
roll-work piece interface [19]:Tension & compression tractions, Friction tractions along the
contact surface ,velocity constraints.

The governing equations what we have seen below, the boundary conditions we have just seen,
and the initial conditions are part of the mechanical initial boundary value problem which is
summarized as follows: Governing equations: Equilibrium equations,Mises yield condition,
Flow rule (constitutive equations),Constitutive equations, Boundary conditions: Velocities,
tractions (frictional stresses in tangential direction), Initial conditions: Initial velocities, Initial
Tractions, This mechanical initial boundary value problem constitutes one half of the overall

problem in rolling.
3.2.2 Governing Equations of the Mechanical Problem

As with the earlier development for the deformation analysis, the equations for the thermal
analysis of the work piece and the die are developed in Eulerian coordinates. As it is observed
there is a complex interconnection between governing equations. In order to solve these
equations, the simulation was carried out by a 3D coupled thermo-mechanical FE analysis using
commercial finite element software package Abaqus/Explicit. The equation that governs the

conditions of equilibrium of plastically deforming rolled metal is the following;-

By oy = 2

2%, +pb; =p ot [3.13a]
Where §;; = components of the Cauchy stress tensor b; = components of body forces vector
v; =components of velocity vector p = density of material. The equation that governs the
conditions of equilibrium that plastically deforming stock in the rectangular cartesian coordinate
system, are given by the following if the body force is neglected[56].

& ] Tyx 0Tzx

e b (3.13b)

Otxy | Oty | OTyz _
il (3.13b)
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3.2.3 Yield Criteria

Different criteria have been proposed for yielding of solids; many of these were originally
suggested as criteria for failure of brittle materials and were later adopted as yield criteria for
ductile materials. When a metal is under deformation loads that are very high, the metal will
start to flow plastically. The conversion of plastic flow from the pure elastic state is known as
the yield condition. Yield criteria are the mathematical patterns which are used to predict when
yielding takes place under combined stress states in terms of certain properties of the metal
being stressed. In simple uniaxial compression or tension, the metal flows or begins deforming
plastically when the applied stress a reaches the value of the flow stress. On the other hand, in a
multiaxial state of stress, plastic flow or yielding depends on a combination of all stresses. Two
major criteria for plastic flow or yielding are well known as Tresca and von Mises criterion of
yield (plastic flow). Both criteria pointed out that when the effective stress or equivalent stress
reaches the value of the yielding stress a, the metal will start flowing plastically. Plastic
deformation is produced by dislocations, which means that materials are incompressible during
plastic deformation, and many hydrostatic state of stress does not produce yielding. This implies

that shear stresses produce yielding.

3.2.4 Tresca Yield Criterion

Tresca or shear stress criterion assumes that yielding will occur when the maximum shear stress
reaches the value of the maximum shear stress occurring under hot rolling. The maximum shear
stress is equal to half the difference between the maximum and the minimum principal stress as

shown below.

= (omo) _ (3.14)

Tmax 2

Thus, the Tresca yield criterion can be expressed as the plastic flow begins when
01 — 03 =09 = Zk (315)

2k = -0y (3.16)
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Where, g, and a3, are the first and third principal stresses, g, , is the yield stress, and k is the
shear yield stress of material. The above equation shows that according to Tresca's criterion,
plastic flow starts if the difference of maximum, a;and minimum a3, principal stresses is equal
to yield stress g,.The other mechanical boundary value problem is governed by equilibrium
equations; the distortion energy theory or von Mises yield criterion, flow rule, and constitutive
equations. Boundary conditions are assigned to rolls velocity and surface tractions on the rolls-
work piece contact interface. Contact properties are defined as a stick-slip numerical model

based on the coulomb friction model.

3.2.4 Plastic Stress-strain Relations

Having discussed the relationships between stress state and plastic yielding, it is now necessary
to consider the relations between stress and strain in plastic deformation. In the elastic region
the strains are uniquely determined by the tresses through Hooke's law without regard to how
the stress state was achieved. This is not the case for plastic deformation. In the plastic region
the strains in general are not uniquely determined by the stresses but depend on the entire
history of loading. Therefore, in plasticity it is necessary to determine the differentials or
increments of plastic strain throughout the loading path and then obtain the total strain by
integration or summation [61]. The on the basis of total strain in a large deformation of the

specimen can be defined as

&= [, 'de (3.17)

e =f;'de; = [T =n(3) (3.18)

ol lo
Thus, if true strains are used, the equation of constancy of volume for incremental strains, &; +
& + & = 0, may be extended to large strains, as &; + &, + €3 = 0.In any system of complex
stress, to obtain a measure of the total amount of plastic straining suffered by any element of the
material, it is necessary to add up all the increments of effective strain which the element has

received, and the total effective strain may be written as

— € , —

€= dE (3.19)
For the particular class of loading paths in which all the stresses increase in the same ratio,

proportional loading, i.e., the plastic strains are independent of the loading path and depend only
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on the final state of stress. There are two general categories of plastic stress-strain relationships.
Incremental or flow theories relate the stresses to the plastic strain increments. Deformation or
total strain theories relate the stresses to the total plastic strain. Deformation theory simplifies
the solution of plasticity problems, but the plastic strains in general cannot be considered
independent of loading path. Constitutive models or equations, stress-strain relations, and stress
strain curves are analytical relations which express the linear or nonlinear relationships among
stress, strain, strain rate, and temperature. Constitutive equations are dependent on specific
characteristic of the material for certain processing conditions. In large plastic deformation, the
von Mises yield criterion is usually used to provide data from uniaxial tension tests or
compression tests to multiaxial deformation conditions. The coupling between the deformation
analysis and the heat analysis of the work piece is given through the material constitutive
relationship for the work piece. We combine the yield criterion, the stress-strain relations, and
model the material to solve the deformations in a plastic deformation process utilizing
proportional loading. The generally applicable yield criterion for plastic flow occurs according

to the von Mises yield criterion plastic flow, given by the alternative forms of equation

o=f(0) = \/% (O’x - ay)z + (ay - az)z + (0, — 0,)% + 6(szz + 12, + szy) =0, (3.20a)

o =f(o)= \/é (01— 02)2+ (0, —03)*+ (05 —0)*+ =0, (3.20b)

a2

c=f(0)=4] = \/512 + 52 + 5,7 =§s;,si,- = (3.20c)
and it says “yield occurs when the equivalent stress (Mises stress) equals the yield stress

in uniaxial tension o, i.e. o = g, [21,34,42].The relationships between stress and strain for an
ideal plastic solid, where the elastic strains are negligible, are called flow rules or the Levy-
Mises equations. The Levy-Mises equations can only be applied to problems of large plastic
deformation because they neglect elastic strains. Plastic stress and strain relations were
proposed by Saint-Venant who stated that the principal axes of strain increment are identical
with the principal stress axes. The general three-dimensional equations relating the increments
of the total strain to the stress deviations were given by Levy and independently by von Mises

the equations given below are known as Levy-Mises equations and the equations can be given
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by the Levy-Mises which we can call constitutive flow rule (used for the rigid-plastic flow
formulation) [24,78].

. : af (O'i ) 3E
Sl] :ATU]:EESU (3218.)
=22 (3.21b)
E= |%/36,8, (3.21c)

According to Levy-Mises equations, the total strain increments are assumed to be equal to the
plastic strain increments, the elastic strain being neglected. Therefore, the above equations can
only be applied to the problems of large plastic flow and cannot be implemented in the elastic-
plastic range [63]. The Levy-Mises and Prandtl-Reuss equations provide relations between the
increments of plastic strain and the stresses[61].The classical Prandtl-Reuss equations for
isotropically hardening materials, as presented, e.g. are not restricted to small-strain, although
it is necessary to specify for them a suitable materially objective stress rate when principal
deformation axes are rotated[64]. The generalization of the equations to have both elastic and
plastic strain due to Prandt and Reuss are known as the Prandtl-Reuss equations. Reuss assumed
that the plastic strain increment is proportional to the instantaneous stress. Or by the Prandtl-

Reuss flow rule (used for the elastic plastic solid formulation) [11,14, 34].

: . 0f (0yj ;
E'Up = Aa(TUU]) = ASU (3219)
. 1 o
A= 1/, &, (3.21f)
Finally we have the compatibility conditions given by the strain rate tensor [26,29, 34]
L 1fow oy
&y = 3 (ax,. +5) (322)

The unknowns for the solution of a plastic deformation process are six stress components and
three velocity components. The governing equations are the three equilibrium equations, the
yield condition, and five strain-rate ratios derived from the flow rule. The boundary conditions
are prescribed in terms of velocity and traction. Along the roll-work piece interface, the velocity
component is prescribed in the direction normal to the interface and the traction is specified by

the frictional stress in the tangential direction. One possibility is to assume that Coulomb
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friction is present and that the interfacial shear stress equals the roll pressure P multiplied by a

constant coefficient of friction p

= gD (3.23)

Equations (4.1a-1b) through (4.21) are the governing equations of the mechanical problem and

form the basis of the mathematical model for flat rolling.
3.2.6 Thermal Boundary Conditions

The thermal and mechanical problems are coupled through thermal strain loads and heat
generation due to inelastic deformation and friction [65].Heat transfer plays a very important
role in the rolling process. The thermal boundary value problem is described by the solution of
the heat diffusion equation such that both transient and steady-state conditions satisfy thermal
boundary conditions. Heat transfer phenomena are due to various sources. One source of heat is
generated by friction on rolls-work piece contact regions and work piece plastic deformation,
whilst heat loss sources are induced by radiation and convection to the environment from free
surfaces conduction transfer to the rolls, and temperature changes during metallurgical
transformations. Additional heat loss sources may be due to air or water cooling. All of these
physical phenomena are a key part of our initial boundary value problem, which as we will see
consists of a linear and homogeneous partial differential equation (heat equation), and a set of
boundary and initial conditions. Thermal boundary conditions are assigned by setting mass
density, thermal conductivity, and specific heat capacity. The plastic deformation is assumed to

occur in the domain BCHG as shown in Figure 13.
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Figure3. 22: Schematic of upper half view and geometric arrangement of the heat generation for
roll and bloom.

3.2.7 Thermal Balance Equations

Different researchers working in the field of metal forming for example using the hot rolling
processes have classified the heat transfer [66] mechanisms and the various contributions to the
overall heat balance for a particular cross section like bloom, billet, slab or strip can be
summarized as: Heat loss to the environment by radiation and convection along the free
surfaces, Heat gain arising from the work of friction forces on the contact surface, Heat gain
arising from the work of plastic deformation, Heat loss by the conduction transfer to the roll,
Temperature change due to the energy accumulated or realized during the metallurgical
transformations [47]. According to the lagrangian coordinate, the energy equation in the
cartesion system for the general heat conduction within the material is described by the general

heat diffusion equation is as follows [ 19,32]

9 (30T 9 (4, 0T 9 (0T s = aT
32 (KT o) 55 (k9T 3 ) + 5, (k9T o) + 4 = Cop 9T/, (3.24)
The rate of heat generation takes into account the plastic work done, energy accumulated in the

material due to the increase of dislocation density and heat produced during the softening

process. The accumulated energy in the material is described by the equation given below [19].

- )
G =1, [n58" - vag + vByelen) | av (3.25)
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The non-steady state temperature model, with a time-dependent term in equation (3.22), Should
be applied to all cases of hot rolling of ingots, bloom and billets. During continuous rolling of
rolling metal however, a steady state temperature field may be assumed in the roll gap and an
additional term connected with heat convection due to the motion of the rolled metal needs to be
introduced. A typical steady-state convective-diffusion equation is then written as[ 5,16, 39, 41,
60, 65]

a3z (6T + 35 (6T fy )+ 3 (k9T a,) + d = Cop 7T/, = 0 (326)
To analysis the solution for the stress, strain, strain rate, velocity and temperature fields within
the rolled bloom, appropriate boundary and initial conditions have to be introduced. Both

steady-state and non-steady-state solutions have to satisfy the thermal boundary conditions,

which may be of the following types [19]:The temperature is prescribed along the boundary

surface
T(x, t) =T (3.27)
The heat flux normal to the surface is prescribed along the boundary finite heat flux

kT /oy = d; (3.28)
Adiabatic or insulated surface aT/ on =20 (3.29)

Convective heat transfer to the environment:
KT/ =h(T —T,) (3.30)
h = film convection coefficient, (T,) =environment temperature radiative heat transfer to the

environment

0
on = 0e(T} = T) (3.31)

Schematic illustration of the thermal events including the boundary conditions in the
deformation zone is presented in Figure 14. As explained by Lenard [3,13], main sources of
heat losses include air cooling of the free surfaces and heat transfer to the cooler roll. In
modeling, the axis of symmetry and the exit plane from the control volume are treated as
insulated surfaces. Finally, constant temperature is prescribed along the vertical plane at the
entry to the control volume. The temperature across the contact surface is allowed to be
discontinuous, to account for the discontinuity created by the relative velocity between the two
surfaces, and also that caused by the resistance to heat transfer across an interface. This latter

effect can be specified as a function of the normal stress between the two surfaces in contact or
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by means of a constant heat transfer coefficient. Finally, interfacial frictional forces at the roll-

bloom/slab interface and the shape of that interface need to be accounted for as well [15].
3.2.8 Heat Transfer from Mechanical Sources

As is well known one of the most important aspects in metal forming process is temperature.
Temperature plays very important role in metal forming process and, in particular, in hot rolling

process in terms of both rolling load requirements and the critical temperature of rolling the
material. In the case, the temperature rise due to mechanical work or deformation is very

significant. In this process the temperature rise is due to two factors: a) Friction derived
mechanical work dissipated to the interface between the materials being rolled and the work
roll. b) Plastic deformation derived mechanical work absorbed by the material being rolled
during deformation. This energy is not completely transformed into heat: as the deformation
process progresses, the displacement of dislocations are being counteracted which causes
internal stresses to appear at different points of the grains. The heat rate generated due to plastic
deformation is determined by [11,14].

a=n558," ("/p2) (3.32)

Where n = heat generation efficiency (fraction of the plastic strain energy that is converted to

heat ~ 0.9), 0<n< 1.5, = Components of equivalent stress tensor (MPa) §'UP=

Components of equivalent plastic strain rate tensor (s~1).The heat transfer rate due to friction

is expressed by [11,14].
q = 0. V. My, (W/mZ) (3.33)

Where g, =friction stress (MPa) , v,.. = relative sliding velocity between the roll and the work
piece (m/s), M., =fraction of friction energy that is converted to heat, 0< M., <1.
3.2.9 Heat Transfer Mechanisms:-

The most commonly heat transfer models that take into consideration in the hot rolling

mechanisms are radiation and convection which heat transfer from the surface of the work piece
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to the atmosphere, in convection from the surface to cooling water, conduction both within the
work piece and the rolls in the roll pass, as well as the adiabatic heating induced by the
deformation of the roll pass (Figure:13 below).The complexity of the heat transfer mechanisms
and their interactions, along with the difficulty of taking temperature measurements on an
operating mill, have made the accurate quantification of the temperature changes in the rolling

millis the subject of a substantial body of research.

3.3.1 Heat Transfer due to Conduction to the Rolls

The purpose of simulating heat transfer and heat generation is to model the effects of the
temperature increase due to plastic work, to heat generated by electrical Joule heating and to
temperature variation due to exchange of heat with the tools and the surrounding environment.
The way we will model the heat flux at the heat roll interface is by using Fourier’s law [67].

q = k(T, — Tg) (3.34)

Where ¢° = conduction heat flux (W/,,2), k = conduction heat transfer coefficient (V/ ,,),

T,,= Work piece temperature (K), Trx = Roll temperature (K) K is not constant along the arc of
contact and it is a function of: Roll pressure distribution, Interface oxide layer, Surface

roughness, Surface chemistry (if lubricant used).

The conduction heat transfer coefficient in the contact area between the roll and the stock is

very high and has values typically between 6000 and 10000W/m2 k(8).

3.3.2 Convection Cooling Heat Transfer

Convection in the bloom hot rolling mill is due to the motion of air surrounding the work piece.

Depending upon whether the air motion is forced or free, the heat transfer is referred to as either
forced or free convection, the later being usually the case in hot rolling mills. A key factor in the
calculation of temperature losses due to convection is to determine the heat transfer coefficient,
which depends on the material temperature, ambient temperature, material specific heat and
density, and the dynamic viscosity of the air flow and its characteristics, i.e., free, laminar,

turbulent, etc.
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In this thesis, the formula that will be used to study convection is the well-known Newton’s law
of cooling [ 32,33,50].
q conv = h(Ts — Tf) (3.35)

q conv = Convective heat flux (W/m?), h = film convection heat transfer coefficient (W/m?K)

Ts = work piece temperature (K), T = temperature of surrounding air or water (K)
In the hot rolling process we encounter two types of convection. The first one is the convection
due to the air that surrounds the hot rolled metal. The thermal transfer coefficient h in this case

is very low with values that range between 15W/m2 k and 50W/m2 k.lf we have force air
convection, then the film coefficient becomes larger in the order of 500W/m2 k.The second type

of convection occurs in some hot rolling processes that use water in order to de-scale the work

piece and also to cool the rolls that otherwise after several hours of continued rolling, begin to

get too hot. The film coefficient in the case of water convection cooling reaches values ranging
w

between 500 and 4000 /m2 K

3.3.3 Radiation Heat Transfer

Apart from the thermal flow due to convection, rolling stock heat is lost also due to radiation.
The heat losses due to radiation can be determined from the Stefan-Boltzmann law [ 11,14, 33,
45, 54]

q rad = 8e|(T,)* — (Te)*| (3.36)

q' rad = Radiation heat flux (W/m),e = 8.0emissivity of the work piece at a temperature
around 1100°C, o =Stefan-Boltzmann radiation constant of black body ,T,,= absolute

temperature of the work piece, T,, =absolute ambient temperature ~ 20C+273 K = 293 K Since
. CpAT g
Qroa = —2—2%4 (3.37)

Arqat

Where m = mass of the rolled stock (kg), Cp = specific heat of stock (J/kg K), AT,.4= change

in temperature (K), t = radiation time (s) A,,4= surface of radiating work piece (m?) Therefore

AT, qq = Lraddt Sedradt) p 34 _ (T y4| (3.38)

mcCp mCp
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This formula can be used to find the drop in temperature in the pass due to radiation. Finally,

the heat generated by friction shear stresses 7 in the contact interfaces with relative sliding v;. is

given by éIfriction = Tfl vy |

The transient heat diffusion equation (3.35/3.36), was firstly implemented by Kobayashi [67] in
a finite element computer program for modeling thermo-mechanical metal forming processes,

and subsequently implemented for modeling.

3.3.4 Surface Thermal Balance

Applying the energy balance for conservation of energy at the surface of the work piece,

Sin + Sg — Sout = Sst (3.39)
Where S;,, = rate at which thermal energy enter through the control surface

Sg = energy generation (thermal energy created within the control volume due to

conversion from other energy forms, in our case plastic deformation and friction)
Sout = rate at which thermal energy leave through the control surface,
Ss¢ = rate of energy stored within the control volume.

In Figure 14 five heat transfer terms are shown for the control surface. On a unit area basis they
are the conduction within the work piece to its surface, and from the work piece to the rolls
(q cond), the convection from the surface of the work piece to the surrounding, air or water
(q conv), the net radiation exchange from the surface to the surroundings (g rad), and finally,
the energy generation terms due to work of plastic deformation (g pw), and friction (q fr).
The energy balance then takes the form,

Sy = q"pw+ q"fri q conv-q rad (3.40)

and we can express each of the terms using the appropriate rate equations,
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" __ _- P
S st = N0y - &y lpw + Ofr- V. g' K (Tw - TR) -h (Tw - Too) - 88(Tv3 - ch,) (3-41)

3.3.5 Constitutive relation, relevant for computer simulation of hot rolling

of steels

Relations which characterize various responses (like mechanical, thermal, electrical etc.) of a
material are called as the constitutive equations. Constitutive equation for such a response is
usually expressed as a relation between the applied forces and the resulting deformation.
Constitutive equations are formulations that can be fed into programs for processes such as
rolling in order to achieve the desired product or for development of new products. Material
behavior during such processes is often described with reference to processing variables such as
strain, strain rate and temperature. A number of constitutive equations have been well studied
and developed over a number of years and in steels of different compositions. These
constitutive equations are often modified or used as a basis for development of new constitutive
equations for describing a particular material under study. The hot rolling process is a thermo-
mechanically coupled, where other than mechanical deformation under rolling there exists heat
generation due to plastic deformation as well as frictional work and heat loss due to convection
and radiation. The 3D part modeling the work rolls and work piece are carried in
ABAQUS/CAE based on dimensional details mention[68].The constitutive behavior of the
material in hot rolling processes above the recrystallization temperatures (700°C — 1200°C)
depends on the type of material (low/high Carbon, alloys) strain rate, and working temperature
[22]. In order to complete the finite element development for the finite deformation problem it
is necessary to describe how the material behaves when subjected to deformation or
deformation histories. Most of the empirical constitutive equations are based on the thermo
dynamical concept that flow stress of a material depends on present values and past history of
observable variables such as [69] strain, strain rate and temperature [70]. The equations relating
stress, strain, stress rate (increase of stress per unit time), and strain rate are called the
constitutive equations, since they depend upon the material properties of the medium under
discussion. In the case of elastic solids, the constitutive equations take the form of generalized
Hooke’s law, which involves only stress and strain and is independent of the stress rate or strain

rate. In plasticity however, the constitutive equations have a more difficult formulation, as they

JU, JIT, MSC-THESIS2022 Page 65



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

need to describe more complex phenomena. According to Lenard & Pietrzyk, functions
describing the constitutive behavior of metals at high temperatures can be divided into several
groups and The general relationship is of the following form[56]. Group I: functions ¢ =
oTf(E)A = nr?E which account for the current strain, (£) and, in some cases, for the initial
stress (a,,)or initial strain(Ey).Group 1I: functions, o = f(&€,€,T ) which account for an
influence of the current temperature (T), strain rate (8) and strain(&). Group Ill: functions o =
f(e, ET, aw)which in addition to the temperature, strain, and strain rate, account for the
influence of an internal state variable of the material(o,,).Group IV: functions in which
independent variables are the temperature, strain rate, strain and additionally time (t) and Group
V: functions, which account for an influence of strain directions. The basic factors that affect
the magnitude of yield stress are the temperature and the rate of deformation. Their influence in
the hot working phenomena strain hardening and re-crystallization take place simultaneously.
Therefore, the effects of strain hardening are not apparent. Assuming that the working
temperature is constant, it can be concluded that the yield stress should also remain constant.
The determination of the yield stress at temperatures above 700 °C is a challenge. The stress-
strain curve does not show any great change of direction on reaching the yield stress. Some
researchers make the assumption that at these high working temperatures the yield stress differs
very little from the ultimate tensile stress, and this value is sometimes defined as the constrained
yield stress S=2t,, = 1.150,,. The temperature of the work piece has great influence on the
strain rate. In order to study it, we will distinguish the following temperature ranges [56]. Hot
working range: The strain rate has an important influence. The higher the strain rate, the higher
the yield stresses. At very high temperatures, as the strain rate increases the heat has no time to
be dissipated and remains in the metal, causing a rise in temperature. This result in lowering the
temperature of fusion of the metal at high strain rates => the permissible temperature range for
hot working becomes narrower. Therefore, low strain rates are necessary in hot rolling. The
basic factor that decides the degree of plastic deformation of metal is the yield stress, which is
dependent on the condition of the metal at the moment of deformation. Since the hot working
deformation above the temperature of recrystallization processes the yield stress depends on: the
kind of metal, the strain, the strain rate, and the temperature of working. Therefore functions in

group 11, 111, 1V, and V are the ones used to simulate hot forming processes. The determination
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of the right stress-strain equation to accurately model the flow stress of steel at high
temperatures is an extremely difficult problem that is still not fully understood. The constitutive
equation for the hot rolling problem is somewhat of a “holy grail” that every hot rolling
company would like to discover. Many models that use group 111 functions ¢ = f(€,&,T, 0,,)
have been proposed. We will focus on the Shida constitutive equation that is recognized as one
of the most accurate ones in the existing reference. Shida’s model for high temperature behavior
of carbon steels. According to Pietrzyk and Lenard, the rigid-plastic flow formulation of the
material based on the Levy-Mises model is more suitable for large nonlinear plastic
deformations, as found in hot rolling processes. This plasticity law assumes that the effect of
strain rate and temperature on material properties is much larger than the work hardening and
the elastic deformations, in accordance with the incompressible flow hypothesis. Pietrzyk and
Lenard reported that Shida in1969 developed empirical equations for low, medium, high carbon
steels. These plasticity models describe the metal flow strength (o) at high temperatures (T), as
a function of strain rate, strain, and carbon content (%C), in austenitic,ferritic, and two-phase
regions [35,53,54].The mathematical formulation of Shida's empirical relations is as
follows[34,65]:

op = 0ff (%)m (kg/mm?) (3.42)

[c]+0.41
[c]+0.32

0.01

Where for: T> 0.95
[c]+0.05

- o = 0.28exp (; - ) and

m= (-0.019[C] +0.126)T + (0.075[C] — 0.05) While for: T< 0951924 44

[c]+0.32

[c]+032 0.1
[cl([c]+0.41  [C]+0.05

o = 0.28q([C], T)exp | | with

and

— — [C]+0.49]% . C+0.06
q ([C]T) —30(C+0-9)[T —0.95 [c]+0.42] €+0.09
0.027

m= (0.081C-0.154) T-0.019C+0.207
[C]+0.32

and

The remaining parameters in shida’s equations are: f = 1.3(5¢)" — 1.5¢, n=0.41-0.07C,
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= _ T+273

T = 00" c€'e A=mnr? The symbol in the above equations does not have the physical

meaning and used for the following ranges of parameters: T=temperature in°C, 700 °C <
T1200°C, C=carbon content in weight percent, C<1.2%, &= strain rate, 0.1< ¢ 100s~!
, €=true strain< 70%. Shida’s model was the constitutive model used in the hot rolling finite
element method (FEM) simulation. All constitutive equations that are dependent on the
temperature are part of what is known as temperature dependent plasticity. As seen in Figure
16, as the temperature increases, the stress-strain curve becomes more relaxed, i.e. the slope of
the plastic part decreases [21].

Usual material data

T whaeratiire Nenaendanc
lfemperature Dependency

Figure3. 23: Temperature Dependent Stress-Strain Diagrams (T3>T2>T1).

The above behavior is perfectly captured by Shida’s model for high temperature steel. The
graphical representation of this equation is obtained by plotting the flow stress versus the
strain, the strain rate and the temperature for the following ranges for each of the three
independent variables: 0<e<1, 1<é¢<50(S"1), 700°C < T < 1200°C.The following
plots show the Shida flow stress surfaces for strain rates of 1, 5 and 10S~.For each strain rate
we obtain a different Shida flow stress surface, and within that particular surface, for every
value of strain and temperature we obtain a value of flow stress. Therefore, within the ranges
for each of the three independent variables, each set of three values uniquely determines a
value of the flow stress. This model is particularly convenient for the hot rolling process where
as the work piece deforms, the strain, strain rate, and temperature all change simultaneously.
Modeling has two main objectives: prediction of metal deformation and loads required
producing that deformation, but it can also help in predicting causes of failure. Industrial
practice usually depends on production of a required change without having undesirable
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stresses and strains in the final material. Therefore, material modeling is very significant for
mathematical modeling of metal forming processes. The behavior of the material under
processing conditions must be taken into consideration in the analysis, design, and control of
metal forming processes. The material modeling involves several aspects which directly and
indirectly affect the deformation process. Direct factors which affect the deformation process
are: the temperature of the deformation process and strain, and strain rate while the indirect
factors are: metallurgical structure and Grain size, transformations of phase, and strain history.
The constitutive modeling provides the relationship between stress and strain and between the
strain rate and temperature. This relationship is used in the analysis and prediction of the
following: (1) Metal flow which contains velocities and strains (2) Temperatures (3) Flow
stress and stresses. In constitutive modeling, the flow stress is expressed as a function of other
process parameters, such as strain and temperature, which describe the state of the plastic
deformation in the deforming metal. The effect of deformation parameters on plastic flow and

fracture can be expressed in terms of the flow-stress behavior[22].

3.3.6 Numerical (Mathematical) Models for Rolling Force

Based on thermo-mechanical coupled FEM, a mathematical model has been developed to
predict flow stress, rolling force, contact normal force and friction force during hot continuous
rolling process [26].Hot rolling theory allows roll force to be evaluated. Theory has not yet
advanced enough o give accurate answers to all problems and quantitative terms. Early
publications in hot rolling theory tended to be application specific. Hence, some research results
are not widely applied in industry. The resistance to deformation of material depends upon its
chemical composition, rolling temperature, and conditions of deformation. Till now none of the
formulae provided a method for calculation of resistance to deformation with perfect accuracy,
since certain simplifications and hypothesis have been used in each case. Therefore, the most
acceptable research method is based on experimental investigations. Numerous mathematical
models have been developed for prediction of rolling force in hot rolling operations ranging
from very simple to very complex expressions. The outline important mathematical modeling
approaches and a significant part of the theory can be briefly introduced in a literature review of
chapter two. In the hot rolling process of a bloom is studied by using the rigid-plastic finite
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element method. The 2D models of the roll and the bloom are developed to investigate the
effect of different process parameters such as initial rolling temperature, bloom thickness,
rolling speed, friction coefficient, and reduction rate on the rolling force, normal force, and
effective stress distribution. Moreover, friction distribution in the deformation zone is also
studied based on 3D models [71].One of the important applications of constitutive equations in
hot rolling is the roll-force calculation, which requires other parameters, such as roll diameter
during rolling, thickness of slab at roll entry and roll exit, and the friction between the work
piece and the rolls. One of the commonly used models for roll-force calculations is the Sims
method that explained in the chapter two, which simplified the slab analysis and assumed that

only sticking friction exists in the roll contact zone [69].
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Figure3. 24 : Schematic Representation of the deformation zone in flat rolling.

Rolling cannot take place without friction, for rolling to occur p>tan (o)
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The horizontal forces acting on vertical faces of the section dx produce compressive
stresses g, + do, acting on the face of the section of height h + dh and compressive stresses o,
acting on the face of height h.The equilibrium of the horizontal forces acting on section dx [36]

may be expressed as

d . d
(ox +do,)(h +dh) + 2uo, cos 6 ﬁ — 20y sin 6 ﬁ —o,h=0 (3.43a)
(oy +doy)(h+ dh) — o,h — 2PRd0Osinf + 2uPRdfcos6 = 0 (3.43b)
(ox +doy)(h +dh) + 2uo,dx — 20, tanfdx — o,h = 0 (3.43c)

Simplifying and ignoring higher order terms restricting the analysis for contact angles < 6
degrees o <1then sin ¢= ¢ and cos ¢) =1
Or 20, (tan® + p)dx = d(hoy) (3.44a)

6(axh)

Or = 2PR.(sin¢g + pucos @) (3.44b)

The angle ¢ designates any point of contact between the material and the roll surface. The
stresses present are the radial pressure p and the tangential stress generated by friction pp.The

stress g, Is assumed to be uniformly distributed in the secton.
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dx = Rdfsinf = Rdfsin® = Rdfcosf,where the (-) sign before u corresponds to the sections
dx located between the entry and neutral planes and sign (+) corresponds to the sections dx
located between the neutral and exit planes. For Plane Strain conditions and using the Von

Mises criterion

Since tanf = %%, equation (2.25) can be rewritten as

dh — d(hoy)
O'ya + 2 ,UO'y = T (345)

Taking into account the yield criterion given by Equation (4.56) for the case of plain strain,

g, — 0, = 27, and that p = o,, we obtain the differential Equation (4.57) in its final form
dh — dlh(p—21y)]
pa+2up =% (346)

Equation (4.58) was derived by Von Karman in 1925 and is the starting point in the analysis
known as the theory of homogeneous deformation [19]. A number of solutions to this equation
have been proposed.

According to Ginzburg, Von Karman’s solution is based on the assumption that dry slipping
would occur over the whole arc of the contact between the rolls and the rolled material. Also the
frictional shear stress is directly proportional to the value of local normal pressure, i.e.

T = Opy = U0y, = Up (3.47)
Ekelund’s solution is based on the assumption that the dry slipping would occur over the whole
entry side, and sticking over the whole exit side of the arc of contact Siebel’s solution is
obtained for the case when the dry slipping occurs over the whole arc of contact between the

rolls and the rolled material and it is assumed that the frictional force is constant along the arc of
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contact (fy, = constant) Nadia’s solution is based on the assumption that viscous slipping

exists in the roll contact zones and that the frictional force is proportional to the relative velocity
of the slip. Thus,

T = pg (3.48)

Where V, =velocity of the metal being rolled at the section dx (Figure 2.5),V,. =Peripheral roll
velocity,s = oil-film thickness.

Analysis of bloom rolling must be able to provide the pressure distribution in the roll
gap, the roll force and torque with accuracy and consistency. Several analyses have been
published in the literature. The theory of homogeneous deformation suggested by yon
Karman was based on simplified equilibrium of forces acting on a slab element in the
deformation zone of strip. Orowan discarded the assumption of homogeneous deformation
and developed a theory of Inhomogeneous deformation. The differential equation for bloom
element was derived under various assumptions and approximations by Nadai, Bland and Ford
and Sims, Orowan and Pascoe’s solution is derived for the case when sticking occurs over the

whole arc of the contact.
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CHAPTER FOUR

Finite Element Method Modeling in Metal Forming

Finite Element the Method (FEM) is one of most widely used numerical methods in the world
of engineering because it is a powerful numerical technique to solve the partial differential
equations that govern physical problems. FEM is widely applied to start from stress and
deformation analysis in the fields of automotive, fluid flow ,building structures, bridges and
aviation is analysis, heat transfer, magnetic fields, and other non-structural problems [17].As it
is observed there is a complex interconnection between governing equations. In order to solve
these equations, the simulation was carried out (conducted) by a 3D coupled thermo-mechanical
FE analysis using commercial FE software package ABAQUS/Explicit [72]. Combining the
merits of both Lagrangian and Eulerian formulations, ALE formulation was developed to
handle mesh distortion, mesh entanglement, and special boundary condition changes in hot
rolling process [73]. Since in metal forming operations, elastic strains contribution is negligible
with respect to nonlinear plastic strains, a rigid-plastic approach can be reasonably adopted for
the analysis [22]. According to the work of [56] and [74], thermal and mechanical problems
need to be solved simultaneously. The coupling occurs when large plastic deformations and
contact pressure generate heat transfer which is a source of changes in the mechanical problem.
Updated lagrangian formulation through the use of the software is selected to solve the coupled
thermo-mechanical problem according to Pietrzyk and Lenard [45]. The temperature
distribution and velocity field, strain rate, strain and stress fields are calculated in the deformed
zone. A full 3D model of 950 mm diameter work roll and bloom of dimensions
(320%320x3000) mm has been developed to simulate single-pass hot rolling processes. Due to
the rapid development of computer technology, finite element analysis acquired a wide
application in the field of hot rolling and the accuracy of the results depends on the quality of
assumptions made. Computer simulation of the rolling processes is an important alternative to
complement or to replace the expensive experimental procedures associated with innovative
development [75]. In the last many vyears, with the development of computing, more
sophisticated simulation models have become possible. A significant contribution has been

made in the area of computer simulation of rolling processes. The flow theory of plasticity, with
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rigid-plastic material models has been found to be quite suitable for the mechanical description
of hot rolling processes. Application of the theory of plasticity requires a geometric definition of
the problem with the appropriate boundary conditions. Analysis must uniquely satisfy
equilibrium, compatibility and material behavior relations. Analytically this is generally
difficult, and usually impossible, so apart from simple problems, solutions are generally
numerical. Finite element method has made it possible to obtain accurate approximate the
numerical solutions. A finite element method has emerged as a powerful and useful
computational tool for a variety of purposes. It is fair to say that nowadays for most complex
problems, where exact analytical solutions are not available, FEM offer a reliable route to arrive
at accurate solutions for boundary value problems involving large-deformations and material
non-linearity[76] . A nonlinear 3D FE model was developed to study hot rolling of a square
mild steel bloom. The steel bar was built as a three-dimensional deformable part using 8-node
brick element (C3D8RT), and rollers were modeled as rigid parts using 4-node rigid element
(R3D4) .The first stand of the full hot rolling process was modeled and simulated. The FEM is
now probably the most common technique used to investigate rolling problems. In this chapter,
the principle of FEM is described and this is followed by a description of its applications to hot
rolling.

4.1 Procedures and Principles of Finite Element Analysis in Metal Forming

Applying the FE method to aid predictions on the metal forming industry has been an
international research focus during the last decade. This could be proved from the proceedings
of any of the recent conferences on metal forming. The reason can be attributed to the
characteristics of the metal forming processes: large deformation, thermo-mechanical coupled,
non-linear boundary conditions and non-linear material behavior. The FEM used in metal
forming can be generally categorized into rigid-plastic FEM, elastic-plastic FEM and plastic
FEM, in terms of the type of material constitutive model employed (Hartley 1993).For some hot
processes, such as forging, rolling and extrusion, plastic strains outweigh elastic strains; the
material is regarded as a non-newton fluid, and rigid-plastic FEM is usually adopted to simulate
these processes [77].Most of the physical systems can be modeled by partial differential

equations. The state variable in the system is assumed as a continuous function. A geometrically
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complex domain of the problem is divided into finite number of sub-domains called finite
elements. The elements are interconnected by the common nodal points. An approximate
interpolation function (or shape function) is chosen for the field variable in the elements. In the
case of variational approach, proper functional is formulated depending upon the specific
constitutive relations. The functional is expressed locally within each element in terms of the
nodal point values. When the condition for this functional to be stationary is applied, it results in
the stiffness equations. These stiffness equations are then solved using appropriate boundary
conditions. The application of the finite element method to the metal forming problems began
as an extension structural analysis techniques to the plastic deformation regime. Thus, early
applications of the finite element method to the metal forming problems were based on the
plastic stress-strain matrix developed from the prandtl-Ruses equation. An analysis method in
the area of metal-forming application in many cases can be justified only by its solution
reliability computational efficiency. This realization has led to the development of numerical
procedures based on the flow formulations. The following sections give a briefly introduction to
FEM. Procedures and principles of FEA [56]. According to Mottram (1996): the year 1956 can
be considered as the birth of the finite element method; the name was first used by Clough who
saw a model as consisting of a finite number of elements (or sub regions).The first FEM
formulations for forming processes took place in 1974 and were based on the so-called flow
formulation, which considers the material to be a Newtonian viscous fluid. The basis of the
finite element Method is the representation of a body or a structure by an assemblage of
subdivisions called finite elements, which are often referred to as a mesh (Fenner 1996). These
elements are considered to interconnect at joints, which are called nodes or nodal points. The
domain is then an assemblage of elements connected together appropriately on their boundaries.
For a two dimensional continuum the finite elements may be triangles, a group of triangles, or
quadrilaterals. For 3D analyses, the FE may be in the shape of a tetrahedron, rectangular prisms,
or hexahedra. The path to the solution of a problem formulated in a finite element problem
consists of the following processes (Kobayashi 1983): (a) identification of the problem; (b)
definition of the element; (c) establishment of the element equation; (d) the assembly of element
equations; and (e) the numerical solution of the global equations.
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The properties of the finite element method .The main advantages of the finite element method
are: The capability of obtaining detailed solutions of the mechanics in a deforming body,
namely, to determine velocities, shapes, strains stresses, temperatures, or contact pressure
distributions. A computer code can be used for a large variety of problems by simply changing
the input data. However, a large number of nodes are needed to model plastic flow in addition
to a very large number of iterations needed to achieve a solution. Thus, significant computing
capacity is required. Comparison is both iterative and slow. Most published finite element work
on metal rolling still uses some approximation in order to reduce the problem size and hence
reduce computation requirements. Finite element methods techniques will undoubtedly become
more popular as the price of computing comes down and speed and memory increases. In the
past few years FEM has been extensively used for metal rolling analysis and now it is probably
the most common technique employed to investigate rolling problems [56].In this chapter, the
principle of finite element method is described and this is followed by a description of its

applications to hot rolling and give a briefly introduction to FE method.
4.2 The Properties of the Finite Element Method

The main advantages of the finite element method are: The capability of obtaining detailed
solutions of the mechanics in a deforming body, namely, to determine velocities, shapes, strains
stresses, temperatures, or contact pressure distributions. A computer code can be used for a
large variety of problems by simply changing the input data. However, a large number of nodes
are needed to model plastic flow in addition to a very large number of iterations needed to
achieve a solution. Thus, significant computing capacity is required. Comparison is both
iterative and slow. Most published FE work on metal rolling still uses some approximation in
order to reduce the problem size and hence reduce computation requirements. FEM techniques
will undoubtedly become more popular as the price of computing comes down and speed and
memory increases. In the past few years FEM has been extensively used for metal rolling
analysis and now it is probably the most common technique employed to investigate rolling
problems (Edwards 1990, Hartley 1989 and Kobayashi 1985).
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4.3 Finite Element model ABAQUS Software

In recent years, there has been substantial academic and commercial interest in making Finite
Element analysis more accessible to non-specialist user. A typical input file in ABAQUS is
consisted of two main sections: Model definition and history definition. The following listing is
a typical input file used in this investigation to simulate the bloom rolling process. In the model
definition section the geometry and material properties are described. The geometric definition
consists of giving the coordinates of the nodes, and describing the elements that make up the
model. The material property description consists of the elastic material properties, effective
stress-effective, plastic strain response for nonlinear analysis, and the friction conditions for
contacting surfaces. The history definition consists of prescribing the variation of external
parameters to which the response of the system is needed, and specifying the desired output. In
this section the loading definition, prescribed boundary conditions, and special output options
are defined [78].The hot rolling process is simulated with a 2D (plane strain) ABAQUS/Explicit
thermo-mechanically coupled model using rigid work rolls. The input file for a single pass is
automatically created applying a python script using all necessary geometry data like bloom
thickness, reduction per pass, roll diameter, velocity of the roll stock collected from the process
database of the hot rolling mill. Optimized meshing parameters are chosen also automatically
within given boundaries (e.g. number of elements through thickness as well as along the contact
zone, maximum aspect ratio) [53].A complete ABAQUS analysis usually consists of three
distinct stages linked together by files as shown in Fig. below.
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Preprocessing Abaqus/CAE or other software

I1

Input File

I1

SimulationAbaqus/Standard or Abaqus/Explicit

I1

Output file

I_+

Post processing Abaqus/CAE or other software

Figure4. 1: Stages of ABAQUS analysis

4.4 Simulation Methodology

The simulation of many physical problems requires the ability to model the contact phenomena.

This includes analysis of interference and manufacturing processes among others.

Part Module
Property Module
E
Assembly Module
Step Module
Interaction Module
-

Mesh Module
Job Module

Figure4. 2 :Rolling methodology of abaqus analysis.

The analysis of contact behavior is complex because of the requirement to accurately track the
motion of geometric bodies, and the motion due to the interaction of these bodies after contact
occurs. This includes representing the friction between surfaces and heat transfer between the
bodies if required. The numerical objective is to detect the motion of the bodies, apply a
constraint to avoid penetration, and apply appropriate boundary conditions to simulate the

frictional behavior and heat transfer [79].The term simulation is derived from the Latin word

JU, JIT, MSC-THESIS2022 Page 79



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

“simulare” what means “to pretend”. However, the technical meaning of simulation is the
description and reproduction of physical and technical processes by use of mathematical and
physical models. In comparison with practical tests, the simulation often is cheaper and not so
dangerous. Combined with modern methods of computation, the simulation is a powerful tool
which gains more and more importance for describing and developing new processing methods.
Numerous finite element programmes have been developed which are able to solve linear, non
linear, static, dynamic, elastic, plastic, elastic plastic, steady state, transient, isothermal as well
as non isothermal problems [80].There are currently no commercial codes in the marketplace
that specialize on rolling simulations. ABAQUS and MSC. Marc have been used extensively to
analyze the rolling process whereas ADINA, ANYSY, DEFORM-3D, FORGE3D, LS-DYNA
and MSC. Super Forge (finite volume) is mainly used for sheet metal forming and forging
applications. Each commercial code has its speciality.For rolling, the capabilities of autom(atic
meshing and remeshing, thermo mechanical coupling and easy transfer of deformation history
from one pass to another pass are crucial [77]. Current software includes finite element
components developed in-house and other commercial finite element codes used alongside
ABAQUS. The software simulates the temperature evolution of a rolled material through a
rolling mill and predicts the microstructure and thermo-mechanical properties of the rolled
stock. [70]a coupled thermo-mechanical simulation model was developed using the commercial
finite element code ABAQUS/Explicit version 6.14. The rolling model is three-dimensional,
thermo-mechanical, transient and nonlinear. General Software Packages Analysis includes three
stages. Finite element methods (FEM) software can meet most of the needs in industry. The
commercial finite element software ABAQUS is used to solve the rolling mill simulation
problem where output is determined in terms of general mechanical variables that include
displacement, strain, stress energy, etc. The finite element model currently used in this work is
based on lagrangian and transient arbitrary eulerian-lagrangian (ALE) formulations.[70] In

application finite element programs use of the following processes:
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4.5 Pre processor (user) Build a finite element model

Preprocessing is the initial phase of the Finite element analysis program. This phase includes all
of the tasks that take place before the numerical solution process. This usually assists the analyst
in carrying out the following operations:(a) Definition of geometry in computation form; (b)
Definition of a mesh of nodes and elements to represent the geometry; (c) Definition of
appropriate Section of boundaries of the geometry, in terms of the mesh data, at which
boundary conditions will be applied; (d) Definition of the boundary conditions; (e) Definition of
material and physical properties for groups of elements; (f) Application of control parameters
for the solver. The pre-processing programs tend to have a user-friendly interface. It allows
various parameters to be set and resulting changes to be seen quickly. This is of particular
importance when the geometry of the design is being created and when the mesh is being built.
However, this is not an easy task and several approaches have been proposed. ABAQUS/CAE
is divided into modules, where each module defines an aspect of the modeling process; for
example, defining the geometry, defining material properties, and generating a mesh. As you
move from module to module, each module contributes keywords, parameters, and data to form
an input file that you submit to the ABAQUS/Standard or ABAQUS/Explicit solver for
analysis. For example, you use the Property module to define material and section properties
and the Step module to choose an analysis procedure; the ABAQUS/CAE postprocessor is

called the visualization module.
4.6 Modeling and Analysis

The analysis of the horizontal rolling processes makes use of the finite element method based
on the flow formulation for slightly compressible rolling materials. In the case of thermo-
mechanical analysis of rolling processes, it is considered that the heat generation rate in the
deforming work piece is due only to plastic deformation. The mathematical modeling of the
problem in the present work is composed of analyses the steady-state thermo-mechanical
behavior of the bloom was formulated in the deformation zone and the stress distribution as
well as the temperature rise on the bloom-roll interface area was used as boundary conditions
for solving the thermo-mechanical equations. hot rolling is a multi-pass process where the initial

square or rectangular cross-section geometry of a bloom is transformed into the desired shape
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by means of a sequential forming performed by successive passes between pairs of shaped rolls
.Using finite element software package created 3D rolling model and simulate a one move of
the hot rolling process for mild steel bloom. Mesh definition is the process of converting a
physical problem into discrete geometric entities for the purpose of analysis. The mesh
generation procedure required of all FEM simulations remained a time-consuming operation. In
conventional mesh generation procedure, FEM users are required to decide which mesh density
will achieve the best solution with minimum use of central processing unit time. The quality of
the FEM mesh depends on the user’s experience and actual mesh construction is time
consuming. Results from meshing simulations in Abaqus show a gradual improvement in the
FEM results. Before a body can undergo finite element analysis, it must be modeled into
discrete physical elements. Mesh generation is one of the most critical aspects of engineering
simulation. The meshing of the model of the Mild steel bloom was done with C3D8R elements
with hourglass control of ABAQUS 6.14 finite element tool, which due to its shape, is also
known as 8 node brick element. As this analysis was expected to have very large deformations,
the adaptive meshing capability available in ABAQUS/Explicit was used with a frequency of
[40] and [30] mesh sweeps per increment. The adaptive mesh control manager of ABAQUS
reduces the amount of mesh distortion and maintains a high quality mesh throughout the
analysis. The mesh influences the accuracy, convergence and speed of the analysis. Structural
mechanics simulations need to use the mesh efficiently as run times can be impaired with high
element counts. ABAQUS Meshing has a physics preference setting ensuring the right mesh for
each simulation. After the proper model is finished, the computational mesh that is used as a
basis of solution procedure should be generated. The mesh consists of discrete elements located
throughout the computational domain. A good computational mesh is an essential ingredient for
a successful and accurate solution. If the overall mesh is too coarse, the resulting solution may
be inaccurate. To achieve the required precision in the simulations an adequately fine mesh is
required, which must be carried out due to the three-dimensional stress state with continuous
elements (full 3D elements). Due to the large plastic deformations the simulation mesh requires
continuous remeshing to prevent the simulation from failing due to extremely distorted

elements. If the overall mesh is too fine, the computational cost may become prohibitive. So the

JU, JIT, MSC-THESIS2022 Page 82



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

mesh was fine near the contact and course away from the contact surfaces as it is seen in Figure

below.

Figure4. 3: Assembled components of bloom and roller model of meshed components in finite
element (mesh generation).

Mesh encompasses the placement of geometric coordinates and the grouping of nodes into
elements. A valid mesh definition, the nodes must have geometric coordinates and must be
connected to an element. First, describe the element by entering the element number, the
element type, and the node numbers that make up the element. In general meshes created by
first applying a global seed size. A lower global seed size corresponds to a finer mesh. To make
the bloom have more elements with respect to the bloom thickness, the mesh layers were added.
The mesh thickness represents the number of mesh layers along the thickness. Higher mesh
thickness means the bloom thickness was divided into more layers of elements. The finite
element mesh used in this simulation for a full model of the bloomis shown in Fig 20
The type of element is brick element with total number of element of 4536 and total
number of nodes of 5698 nodes.

A 3D hexahedral element was employed to mesh the complicated geometry of the bloom
(especially when deformated). A mesh refinement analysis was performed for the first pass and
the analysis showed that a 30-40 mm mesh element size was adequate. The model is able to
regenerate the mesh to replace the excessively distorted elements during the simulation of the
rolling process. The rolls were considered as rigid bodies for the simulations. In the present
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work, the rolling mill configuration and the billet were modeled using ABAQUA software and

then exported to the FEM software.

Type of rolling Hot rolling

Type of simulation 3d without flash

Type of analysis Flow analysis
Deformation Rigid plastic

Bloom material ASTM/A36 mild steel
Friction 0.3

Material temperature 1000°C-1300°C

Mesh Size 30-40

Table3. 6 :Rolling parameters used for simulation hot rolling processes.
4.7 Simulation stage or Solvers (Computer) Conduct numerical analysis

The actual finite element analysis is carried out in this section. The basic equations of
equilibrium, constitutive relations and boundary conditions are translated into nonlinear
algebraic equations by utilizing the FEM discretization procedure. The user does not have
access to this module. He can select one of the two available solution techniques for solving
simultaneous equations namely direct iteration method or the Newton-Raphson method. All the
input data and output data are stored in binary form, which are accessed by the user through the
post processor. The results of each calculated step are stored and then can be displayed or
plotted through the post processor too. Usually this program both sets up the required numerical
equations that describe the behavior of a structure under a given set of boundary conditions and
also solves the equations. The solver reads all the relevant data that has been defined by the pre-
processor, usually held in files written by the pre-processor, then carries out the necessary
numerical operations and writes the results to further files. A further function of the solver is
data checking. The solver checks to see if the data that is read is acceptable before attempting to
produce a solution. The rotation of rolls causes bloom to go through roll gap and obtain desired
thickness. To happen this various inputs are given before starting the simulation. The table
shows simulation process input parameters. Once the simulation starts the material is auto

meshed into tetrahedral meshing as shown in figure.
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Figured. 4: tetrahedral meshed work piece in abaqus software.

4.8 Post-processors (user) See Results

Post processing stage is the stage where results generated in the analysis are visualized once the
simulation completed. In terms of post-processing, efforts have been focused on establishing
graphical facilities for displaying the results coming out of the numerical simulation. As the
solver generates large amounts of information; graphical interpretation is often the only means
of assessing the results. Hence, the post-processor is devoted to the display of the results, giving
a picture of the results and making extensive use of color with the proliferation of computers
and software, many people have been used to buying a package and getting results.
Unfortunately, any software that solves partial differential equations will not, by its very nature,
be as mature as other simpler engineering analysis tools that are also on the market.
ABAQUS has been used to simulate hot rolling in wide range applications. These bring out the
manner in which the relevant physical quantities are calculated by ABAQUS. ABAQUS
generally uses Newton’s Method as a numerical technique for solving non-linear equilibrium
equations. It is available in both explicit and implicit formulations. The potential of attaching
user defined subroutines make ABAQUS a powerful tool to model problem-specific areas such
as contact friction and interface heat transfer, which are vital in modeling the evolution of
microstructure. However, the availability of user-defined subroutines is limited for the explicit
formulation. ABAQUS is commercial FE software that used to solve the rolling mill simulation
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problem where output is determined in terms of general mechanical variables that include

displacement, strain, stress energy, etc.
4.9 Thermal Mechanical Finite Element Modeling in Rolling

The simulation of metal forming Processes by using of the FE method was originated in the late
of 1960’s and Fast development of finite-element simulations of metal forming processes has
been observed since then [81]. This development has been parallel to the development of
supercomputers. With today’s supercomputers, the application of the FEM to the simulation of
manufacturing processes is becoming more and more popular. Modeling and simulation of
manufacturing processes are tools to better understand and thereby solve new problems arising
during the transformation raw material to the new materials and geometries[56].Finite element
analyses of non-linear problems such as those found in metal deformation are common
nowadays. The FE method allows the solution of complex initial boundary value problems by
combining the best of numerical methods and supercomputing, which allows the fast solution of
the millions of equations that are generated by a finite element model. As explained in [56] the
basic concept of the FE method is one of discretization.The FE model is constructed in the
following manner. A number of finite points are identified in the domain of the function, and
the values of the function and its derivatives, when appropriate, are specified at these points.
The points are called nodal points. The domain of the function is represented approximately by
a finite collection of sub domains called finite elements. The domain is then an assemblage of
elements connected together appropriately on their boundaries. The function is approximated
locally within each element by continuous functions that are uniquely described in terms of the
nodal-point values associated with the particular element [19].The path to the solution of a finite
element problem consists of five specific steps: a) Identification of the problem, b)Definition of
the element, c) Establishment of the element equation, d) Assemblage of the element equations,
e) Numerical solution of the global equations. The formation of element equations is
accomplished by one of four approaches[56]: (a) Direct approach, (b)Variational methods, (c)
Method of weighted residuals, (d) Energy balance approach. The basis of finite element metal
flow modeling, for example, using the variational approach, is to formulate proper functional,

depending upon specific constitutive equations. The solution of the initial boundary value
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problem is obtained by the solution of the [56]dual variational problem in which the first order
variation of the functional vanishes. Choosing an approximate interpolation function (or shape
function) for the field variable in the elements, the functional is expressed locally within each
element in terms of the nodal-point values. The local equations are then assembled into the
overall problem. Thus, the functional is approximated by a function of global nodal-point
values. The condition for this function to be stationary results in the stiffness equations. These
stiffness equations are then solved under appropriate boundary conditions. The basic
mathematical descriptions of the methods, as well as the solution techniques, are given in many
excellent books on the subject such as those written by Bathe, K.J.[56], Zienkiewicz, O.C. [82],
as well as others that are listed in the bibliography section of this thesis. The main advantages of
the finite element method are [19]:(a) The capability of obtaining detailed solutions of the
mechanics of a deforming body, namely, velocities, shapes, strains, stresses, temperatures, or
contact pressure distributions,(b) The fact that a computer code, once written, can be used for a
large variety of problems by simply changing the input data. In the remainder of this chapter we
will take in depth look at the flow formulation (rigid-plastic & rigid-plastic) FE model, and a
less rigorous look at the elastic-plastic finite element model corresponding to the solid
formulation. We will also study the FE model for the heat transfer part of this problem, as well
as examine it to handles the coupling between mechanical and thermal portions of this complex
problem. Finally, we will study the main non-linearities present in this highly non-linear

problem.
4.1.1 Basic Procedure of Finite Element Method (FEM)

Most of the physical systems can be modeled by partial differential equations. The state variable
in the system is assumed as a continuous function. A geometrically complex domain of the
problem is divided into finite number of sub-domains called finite elements. The elements are
interconnected by the common nodal points. An approximate interpolation function (or shape
function) is chosen for the field variable in the elements. In the case of variational approach,
proper functional is formulated depending upon the specific constitutive relations. The
functional is expressed locally within each element in terms of the nodal point values. When the
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condition for this functional to be stationary is applied, it results in the stiffness equations.

These stiffness equations are then solved using appropriate boundary conditions.
4.1.2 Variational Method Approach [The Finite Element Formulation]

Boundary value problems in continuum mechanics can be expressed in two different ways: the
partial differential equations with the associated boundary conditions and the variational
equations with the appropriate function space. The solutions of these two different forms of
boundary value problems are referred to as the strong solution and the weak solution,
respectively. The term weak is used in the sense that the requirement of continuity
(differentiability) of solution is weakened in the variational form of boundary value problems. If
a strong solution requires the existence of a second derivative, the corresponding weak solution
requires only the existence of a first derivative in the sense of distribution; that is, the first
derivative needs to be continuous within each of a finite number of sub domains but not
necessarily across the interboundary between sub domains. The variational form of boundary
value problems can be obtained only when the quadratic form of functional exists so that the set
of Euler equations, obtained by the vanishing of the first variation of the functional, is identical
to the original partial differential equations. However, the same form can be obtained by using
the so-called weak formulation or the principle of virtual work, although certain mathematical
features of variational problems with the quadratic functional such as the existence and
uniqueness of solutions and the stability and accuracy of finite element solutions cannot be
stated. Here, the weak formulation is used to accommodate abroad class of plastic constitutive
models to the same framework of formulation. The constraint conditions such as the
incompressibility condition and the contact condition can generally be incorporated into the
variational formulation by using one of two techniques: the penalty method or the Lagrange
multiplier method. The penalty method has the advantage of simple implementation, but it has a
drawback such that it can result in an over constrained problem or an under constrained problem
depending on the choice of the penalty parameter. The over constraint means the volumetric
locking or the locking of contact surfaces, and the under constraint means the inaccuracy of
solution in the sense of incompressibility or no penetration. On the other hand, the Lagrange

multiplier method can avoid the drawback of the penalty method, but it has a disadvantage
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concerning the increase of problem size because the Lagrange multipliers are treated as
additional solution variables such as the velocity of material particles. The Lagrange multiplier
can be interpreted as the hydrostatic stress for the incompressibility constraint and the normal
contact traction for the no penetration condition. In areas of metal forming simulation, it is
popular to use the Lagrange multiplier method for the incompressibility condition and the
penalty method for the contact condition. However, the penalty method has also been used
successfully with a certain class of finite elements with the selective reduced integration
scheme[41].In order to construct finite element approximations for the solutions of finite
deformation problem it is necessary to write the formulation in a Galerkin (weak) or variational
form [83]. A critical element in the finite element method is the identification of a variational
statement equivalent to the governing differential equations. For a solid undergoing non-linear
material deformation, a functional is to be identified for the variational statement [84].The basis
of finite-element metal-flow modeling, for example, using the variational approach is to
formulate proper functional, depending upon specific constitutive relations [85].Out of the four
approaches for the derivation of the basic equations for the finite-element analysis we have just
stated in section 3.1, the variational method and the weighted residual method are the most
commonly used for finite element flow modeling. The duality [41] of the boundary value
problem and the variational problem can be seen clearly by considering the use of the functional
[56].

m(u) = f:(x, uV)d,a<x<bh (4.2),
where the coordinate, u is the field variable and w is the derivative of u with respect to x. Then
using the theory of calculus of variations, dm(u) = 0, breaks down into two parts, that of the

domain, and that of the boundary as follows:

b b [d OF d( 5
sn(u) = J; 6Fd, = J) [ su+5 (dx“)] d, (4.3)
Integrating the second term by parts, we have
_ (b[dF d (dF Flak
sn(w) = [, [a - (ﬁ)] sud, + [ﬂa (4.4)
Thus, ém(u) = fv{Euler Equation} dudV + {the boundary term} (4.5)

The Euler equation is a differential equation taken over the domain V that is argued to be zero

because of the arbitrariness of &(u). Given the differential equations, the functional  and the
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boundary terms can often be constructed by manipulation. For our boundary value problem, the
variational approach is based on one of two variation principles. It requires that “among
admissible velocities[86] v; that satisfy the conditions of compatibility and incompressibility,
as well as the velocity boundary conditions, the actual solution give the following functional
(function of functions) a stationary value [27,36, 38].
w=[,GEdV — [ F.VidS (4.6a)
For rigid-plastic materials, and
m= [, E(&;)av — [ FVdS (4.6b)
for rigid-plastic materials, where & is the effective stress, & is the effective strain rate, F;
oF

represents the surface tractions, and E(e'ij) is the work function, such that, S;; = Y where S;;

ij
denote the deviatoric stresses” [56].The solution of the original boundary value problem is then
obtained from the solution of the dual variational problem, where the first-order variation of the
functional vanishes, namely[40,41],

sn=[,G6EdV — [ Fi§V,dS=0 (4.7)
Where 6 =6 (&) and d = 6(£¢€) For rigid-plastic and rigid viscoplastic materials,
respectively. The incompressibility constraint on admissible velocity fields in Equation (4.7)
may be removed by introducing a Lagrange multiplier A and modifying the functional (4.6a) by
adding the term [ 1€, d, where &, = &;; is the volumetric strain rate [88]. Then,

ém = [,56 £dv + J,A8E, AV + [,E€,64dV — [ F;6V,dS =0 (4.8)
Another way of removing the constraint is to use the penalized form of the incompressibility
[25, 27, 33, 34, 35, 36, 40, 51, 53,57,61,74 ,82] as

sw=[,68EdV +K[,E,8E dV — [ Fi8VdS=0 (4.9)
where K, is a large positive constant to penalize the dilatational [65,66] strain-rate, §v; and 61
are arbitrary variations, and 5 € and 8E, are the variations in strain rate derived from, Sv;
equation (5.8) or (5.9) is the basic equation for finite element formulation . An alternative
approach to equation (5.8) is to begin with a weak form of the equilibrium equations, namely

[10, 11,70]
a
I, a_;(j5”i av =0 (4.10)
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8(6vi)
an

Where §v; is an arbitrary variation in v; equation (3.9) becomes [ v dv —

[ Vaixj(aijsw) dv =0 (5.11)

Which is the expression of the virtual-work principle, if dv; is considered to be the virtual
motion. Using the symmetry of the stress tensor and the divergence theorem, we have[ 35,36]
J, 0:;6€;aV — [ F:6V;dS =0 (4.12)
For the surface integral term in (3.11), the boundary conditions that § V; = 0 on S,, (essential
boundary condition) and the traction F; = g;;n; onSg (4.13)
(Suppressible boundary condition), are imposed [56]. Substituting the expression for the
Cauchy stress o;; = S;; + o, Where o, = %akk is the hydrostatic or mean stress, into equation
(3.11) gives

J,Si;6 €AV + [ ,0m8E, AV — [ Fi6 V;dS =0 (4.14)
As a result the constitutive equation and the definition of €, itis seen that, Sij 6 S'L-j =56 € and
the final form of equation (5.14) suitable for finite element formulation becomes

[, 58 EAV + [ ,0,,6E, dV — [ Fi8 V,dS = 0 (4.15a)
with the incompressibility constraint given by £, = 0 inV. The incompressibility constraint is
removed by modifying equation (5.15a) as

[, a6 EAV + [ ,0;m8E, AV + [, Sa,m€y dV — [ Fi6 VidS = 0 (4.15b)
By comparison of equations (4.8) and (4.9) to Equation (4.15b), the lagrangian multiplier A in
equation (4.8) is identified as the mean or hydrostatic stress o, , where o, = gév , thus

providing the interpretation of K as a constant similar to the bulk modulus. Equation (4.8) or
(4.9) is the basic equation for the finite element discretization. Once the solution of the velocity
field that satisfies the basic equation is obtained, then corresponding stresses can be calculated
using the flow rule and the known mean stress distribution [56].We will now look at the two
main formulations used in the application of finite element analysis for metal forming, namely,
the flow formulation and the solid formulation. Flow formulation assumes that the plastic
deforming material has negligible elastic response, while it included in the solid formulation.
Then we will develop the finite element equations for each of these two formulations, solid and
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flow, starting from equation (4.8) or (4.9) which as we have just seen is the basic equation for

finite element formulation.
4.1.3 Finite Element Method for Metal Forming Simulation

The simulation processes was carried out using the commercial finite element software ,with
the ABAQUS code 6.14 [3], applying the generalized plane strain procedure for modeling the
3D problem using a 2D formulation, reducing the computational cost time, in order to make the
procedure really useful for producers[92]. Metal forming processes, such as rolling in general
involve large inelastic deformation of the work piece. To investigate the hot rolling problem,
finite elements can be divided into three categories; according to different basic assumptions
about the behavior of the work piece material. These are plastic, rigid-plastic and elastic-plastic
methods. They usually focus on: (a) deformation (stress, strain, strain rate, force, torque and
friction). (b) Thermal-mechanical, microstructure, hear-transfer and temperature. (c) Optimum
process [75] .A coupled thermo mechanical analysis of the large deformation problem is
necessary to properly simulate such a process to find the effect of roller size and thermal
effects on the rolling parameters using finite element analysis [7]. A number of metals have
been noted to exhibit rate (time) dependent inelastic behavior at elevated temperatures
[5].Awareness and understanding of the basic procedures to determine the flow stress, the
frictional response and thermal contact resistances under different conditions of strain-rate and
temperature are fundamental for improving the quality of data to be inserted in finite element
computer programs since accuracy and reliability of numerical simulations are critically
dependent on input data, the following sections will provide a brief overview of the most
widespread experimental techniques that are utilized for material, friction and contact
characterization. Modeling and simulation of hot rolling processes are tools to better understand
and thereby solve new problems arising when forming new materials and geometries[67]. The
bases for FE analysis of large deformation problems were not established until the mid 1970’s,
and it was not until then the first procedures for finite element simulation of metal forming were
presented. Early attempts to simulate metal forming processes by means of the Finite Element
method were usually based on 2D, or axisymmetric models. The ‘flow’ and the ‘rigid-plastic’

approaches were more popular than the ‘solid’ one, mainly because it was possible to advance
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the solution in much bigger increments in these approaches. The full version of these programs
enables users to perform 2D or 3D simulations involving analyses of the following phenomena:
mechanics (stress, strain distribution), heat transfer, phase transformation, and diffusion
[54,68].The aim is that the simulation code should be able to simulate the complete forming
process and to be able to unveil any possible defects. Metal forming simulations tend to be very
time consuming. One reason for this is that the process itself is computationally very
complicated, involving effects such as nonlinear material behavior, large deformations, and
complicated contacts between tools and work piece. Another reason is that the FE models
usually are very big, containing tens and hundreds of thousands elements. In the development of
FE codes for metal forming simulation, Computational efficiency has therefore always been a
primary concern [93]. Finite element method is a powerful tool that used to analyzing the metal
forming processes with numerical modeling and simulation of metal forming processes. The
simulations have replaced full scale process trials, thus reducing cost and lead-time. Numerical
simulations are widely applied in research as well as in industrial practice (Altan 1996).
Simulations of 2D problems are simpler, easier and more cost effective than 3D problems but
produce almost accurate results[84].As observed by Lenard, Pietrzyk, & Cser, there are two
major and distinct approaches to the simulation of metal forming processes. The first is the
solid-state incremental approach, also known as solid formulation (considers finite
deformation), which usually employs elastic-plastic material models. This approach uses a
Lagrangian description of motion. The nodal displacements are the basic unknowns, which are
related to the strains by the standard kinematic expressions or strain-displacement relationships
[19]. The constitutive model used relates the stresses and the strains through stress-strain or
constitutive relationships expressed in incremental form. The equilibrium equations can be
written either as differential equations, to be satisfied in the volume and on the boundary of the
body, or in a variational form as done by the principle of virtual work. The second approach, the
flow formulation (based on infinitesimal deformation theory), uses the rigid-plastic material
models [94]. Since in metal forming operations, the non-linear plastic strains are much larger
than the elastic strains, these last ones are usually neglected allowing the use of a simpler rigid-
plastic model in the analysis. The resulting constitutive equations in this approach are identical

to those of a Non-Newtonian fluid. The constitutive equations now relate the stresses and the
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strain rates. Various constitutive models are used in the flow formulation. These include the
Levy-Mises model used in rigid-plastic solutions, as well as plastic models such as the Norton-
Hoff law[95] or the Sellars-Tegart law [19].The main advantage of the flow formulation (rigid-
plastic method) is that the power of deformation is calculated as a product of the invariants of
the stress tensor and the strain rate tensor, making the solution insensitive to rotations. Also, the
resistance of the material to deformation can be introduced as a function of the strain rate, strain
and temperature and essentially any type of approximating function can be used. The rigid-
plastic method is more suitable for the large, non-linear plastic deformations found in the hot
rolling process [19,33].The original problem associated with the deformation process, of
materials, is a boundary value problem. For the deformation process of rigid-plastic materials,
flow formulation, the boundary-value problem is stated as follows: at a certain stage in the
process of quasi-static distortion, the shape of the body, the internal distribution of temperature,
and the current values of material parameters are supposed to be given or to have been
determined already. The velocity vector is prescribed on a part of the surface vs. together with
traction if on the remainder of the surface, FS. Solutions to this problem are the stress and
velocity distributions that satisfy the governing equations and the boundary conditions. In the
solid formulation approach, the boundary value problem is stated such that, in addition to the
current states of the body, the internal distribution of the stress also is supposed to be known
and the boundary conditions are prescribed in terms of velocity and traction-rate. Distributions
of velocity and stress-rate (or displacement and stress-increment) are the solutions to this
problem. The solid formulations of the finite element method for metal forming problems have
been based on the use of the Prandtl-Reuss equations for elastic-plastic materials. The
formulation is given in the rate form and assumes the infinitesimal theory of deformation. In
analyzing metal-forming processes, however, the elastic-plastic finite element method with
infinitesimal formulation has severe drawbacks. The large amount of rotation involved in metal
forming rules out infinitesimal analysis. Furthermore, the nature of elastic-plastic constitutive
equations requires short time steps in no steady-state analysis, a requirement that is severe when
the body goes from elastic to plastic deformations. A simplified solution to this problem is
given by the flow formulation where the elastic portion of deformation is neglected all plastic

deformation is treated as a flow problem. The flow formulation of the finite element method for
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metal forming processes is based on the Levy-Misses plasticity model for rigid plastic materials,
which assumes that work hardening is negligible. A very important improvement was the
inclusion of the effects of strain-rate and temperature in material properties and of thermal-
mechanical coupling, in the solution. This development has extended the finite element analysis
into the hot metal working processes and allowed us to successfully model the hot rolling
process since Finite element methods are capable of simulating the deformation of the
metal in the roll gap and predicting the roll contact stresses, the total rolling load, and
the torque of rolling. During the simulation that involves very large deformation, some
elements become much more distorted and are not appropriate for further computation. Hence
the model has the ability to regenerate the mesh several times in order to complete the
simulation. Use of 3D tetrahedral elements with 30 mm mesh size is made. The tetrahedral
mesh is found to suit the complex shapes in deformation and for automatic meshing and
remeshing.The FEM mesh of the bloom consisted of 18300 nodes and 83973 elements. The
rollers are considered as rigid body and meshed in 2D. The simulation was run on a 64GB RAM
and 8 cores server. In the present work, the rolling mill roll configuration and the bloom were
modeled using the Solid Edge software. In the present study the steel bloom of an original
square cross section of 320 by320mm? with a length of 3000 mm is reduced to a desired
thickness by rolling through the roll stand with the material properties of Carbon Steel-
ASTM,A36 (mild steel) grade has been considered. To define the material grade, chemical
composition, the physical properties, and flow stress data at elevated temperature are
incorporated in the simulation. With the above common input parameters and boundary
condition, the metal deformation behavior simulated at various the initial stages of single roll
pass [95].

4.1.4 The Rigid Plastic Finite Element Model (RPFEM) Formulation (Flow
Rule)

The RPFEM based on a Lagrange multiplier was used to analyze the plastic deformation of
work pieces in roll gap. The RPFEM can be inferred from the variation principle of rigid-plastic

material[96].During stress and strain model under hot rolling condition elastic deformation, in

metal forming operation, is very small or recoverable strain is ignored because of its limited
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possible magnitude [81]as compare to plastic deformation and can be neglected in order to
consider the formulation as a rigid-plastic one or so far, only the inelastic part of the strain rate
has been considered [87]. The rigid-plastic flow analysis is an approach to large deformation
analysis, which can be used for metal forming problems [54] such as hot rolling. The three-
dimensional form may be reduced to a two-dimensional form if loading, geometry, and material
behavior do not vary with a third coordinate [97].The rigid-plastic formulation takes into
account only the inelastic (7 or &) contribution to the total strain rate, ignoring the elastic (£¢)
part [84]:

€= B8 A BPOT B €8 e, (4.16)
The flow formulation is based on the [93] quasi-static equilibrium equations, which in the
absence of body forces and after some mathematical treatment that takes into consideration the
natural and essential boundary conditions, can be written as.

J,0i;8;dV — [ t;6u;dS =0 (4.17)
Where V is the domain volume, S is the boundary surface where tractions t; = o;;n; are
applied and ¢;; are the components of the strain rate tensor.

&j = %(ui,]- + uj,i) (4.18)
In the flow formulation, velocities ui are the primary unknown instead of displacements, there is
no strain tensor and the stress oij is directly related to the strain rate by means of rigid plastic

constitutive equations. In case of using the von Mises yield criterion, also called the “distortion
energy criterion”,

f(o'l-j)A = %aij’aij’ (4.19)
The incompressibility constraint is satisfied exactly by updating the thickness. This capability is
not available for steady state analysis. According to Lenard & Pietrzyk, two formulations are
available: Eulerian (steady state) and Lagrangian (transient). The effects of elasticity are not
included in the R-P formulation. The rigid-plastic formulation needs to enforce the
incompressibility condition, which is inherent to the strictly plastic type of material response
being considered. Incompressibility may be imposed in three ways[65]:

Langrage Multipliers: - Such procedure requires Herrmann elements which have a pressure

variable as the Lagrange multiplier.
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Penalty functions: - This procedure uses regular solid elements, and adds penalty terms to any
volumetric strain rate that develops. It is highly recommended that the constant dilatation
formulation be used — by entering a nonzero value in the second field of the geometry model
definition option. Penalty factor can be treated as constant or variable through the R-P FLOW

parameter. The penalty value is entered through the parameters option.

Y
T e(1-2V)

(one half of the bulk modulus)

Updating the thickness (for plane stress analysis):- the incompressibility constraint is satisfied
exactly by updating the thickness. This capability is not available for steady state analysis.

The rigid-plastic flow formulation is based on iteration for the velocity field in an
incompressible, non-Newtonian fluid. Elastic deformation, in metal forming operation, is very
small as compare to plastic deformation and can be neglected in order to consider the
formulation as a rigid plastic [20,61].The fundamental for the analysis of metal forming
processes and the governing equations for the solution of the mechanics of plastic deformation
of the rigid plastic materials are summarized as follows. The constitutive equations and the
normal flow condition for a nonzero strain rate is given by the Levy-Mises flow rule that can be
expressed as [12,13,14, 34,38,39,55,74]

£, = ~= (4.20)

- 2 . - . - — 3 . . .
&= /5 &;j & is the equivalent strain rate, and & = ’ESUSU is the equivalent stress (which

may be rate dependent) and s;; = oy; —§6ijakk gives the deviatoric stress.The effective

viscosity is evaluated as u = and so when & — 0, — o and we then have rigid plasticity.

wlN
o] Q

In rigid plastic flow analysis, several iterations are required at any given increment, the greatest
number occurring in the first increment. Subsequent increments require less iteration, since the
initial iteration can make use of the solution from the previous increment. Due to the simplicity
of the rigid plastic formulation, it is possible to bypass stress recovery for all iterations but the
last in each increment, provided that the displacement control is used[35,74]. In such cases,

considerable savings in execution time are achieved [19].The Steady-State rigid-plastic flow
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formulation is based on an eulerian reference system. The nodal coordinates are updated at the
end of a step according to the relation

™=+ At (4.21)
Where n refers to the step number, ;" is the nodal velocity component, and At is an arbitrary
time step. At is selected in such a way as to allow only a reasonable change in mesh shape while
ensuring stability with each step. Updating the mesh requires judicious selection for a time step.
This requires some knowledge of the magnitude of the nodal velocities that will be encountered.
The time step should be selected such that the strain increment is never more than one per cent
for any given increment [65]. In the transient (Lagrangian) analysis procedure, there is an
automatic updating of the mesh at the end of each increment. During the analysis, the updated
mesh may exhibit severe distortion and the solution may be unable to converge. Mesh rezoning
must be used in that case to overcome this difficulty[65]. With respect to the hot rolling
problem, the development of computational techniques allowed the finite element method to
simulate both thermal and mechanical events in the deformation zone. The first application of
the finite element method to analyze the temperature distribution during hot rolling appears to
be due to Zienkiewicz in1981.The rigid-plastic flow FEM model described here is based on the
work by Kobayashi et al[56]and by Pietrzyk and Lenard[58] and contains two parts. The first
part determines the velocity field, the strain rate and the strain fields using the rigid plastic FE
approach. The second part deals with heat transfer and heat generation within the strip. Rigid-
Plastic finite element models are the most efficient tools in the simulation of metal forming
processes and it gives very accurate results for hot rolling. They combine the accuracy of the
finite-element technique with reasonable computing times and memory requirements. The rigid
plastic approach is based on an extremum principle which states that for plastically deforming
body of volume, under traction F;, prescribed on a part of the surface s , and the velocity v
prescribed on the remainder of the surface sy, under the constraint &;; = 0 the actual solution

minimizes the functional [55] and given by equation (4.22), as
n=[,GEAV + [, dv — [ FVidS (4.22)
Where
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A = Lagrange multiplier (equal to the mean stress o,,, @ = Equivalent or effective stress

= 2 . . . . .
, €= /5 &;j & = equivalent or ef fective strain rate,

. fz .. ) ) ) . ) )
€= |3 &jéj= equivalent or ef fective strain rate, &, = volumetric strain rate.

In the flow theory of plasticity, strain rates are related to stresses by the flow rule associated
with the criterion of Levy-Mises

20 .
Sij = EEEU

(4.23)
A numerical approach that aims to model the process of shape rolling has to face a highly non-
linear physical problem. The non-linearity has its origins in both kinematic and material effects
such as:- Complex 3D shape, large displacements, large rotations and large strains, elastic-
plastic material behavior with thermal and viscous effects, time-dependent material behavior
due to evolution of microstructure, contact and friction. The finite-element method has been
recognized as a numerical approach that is well capable of solving such problems. Two basic
formulations are adopted in the non-linear FEM to deal with the large displacements, rotations
and strains. These are Lagrangian and Eulerian formulation [56].In the Lagrangian formulation
the mesh is fixed to the material and follows its movements. Using this formulation free surface
is traced naturally and deformation history can easily be taken into account. The disadvantage of
the formulation is that the mesh can become distorted due to the large deformation. The
distortion leads to decreased accuracy of the results or even to a premature end of the
calculation. To address the problem, a remeshing procedure can be used, in which the old mesh
is replaced by a new one. Critical issues in the application of remeshing are the automatic mesh
generation and the accuracy of the transfer of information between the old and new meshes. In
the Eulerian formulation the mesh is fixed in the space and the material flows across the
elements. Since the mesh does not move, the distortion is not an issue here. In general, the
material boundaries are not equal to the element edges and special procedures are required to
trace the free surfaces as well as boundaries between different materials, including contact. Also
the transfer of material properties must be taken into account. Most of the metal-forming
processes involve modification of free surfaces and contact. Thus, the majority of the finite

element model codes for the simulation of metal-forming have applied the lagrangian
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formulation or better the updated lagrangian formulation. The term updated means that all
variables are referred to the last calculated (updated) configuration, Bathe [6].Some of the first
applications of 3D finite element methods for simulation of shape rolling appeared in the
late1980s. The codes used both elastic-plastic and rigid-plastic material formulations and
assumed isothermal rolling process. In the mid-1990s, the developments in computer
technology and finite element methods reached a level when larger 3D simulations became
feasible. At this point Corus launched a project, which resulted in development of a roll-pass
design system based on ABAQUS finite element software. The system has some advanced
features such as thermo-mechanical coupling and an adaptive meshing algorithm based on the
arbitrary lagrangian Eulerian formulation. The ALE formulation is a combination of the
lagrangian and Eulerian descriptions. In such a formulation the mesh displacement is not
necessarily equal to the material displacement nor equal to zero, but can be chosen
independently from the material displacement. The ALE formulation can be used to solve
problems with free surfaces in an Eulerian formulation or to avoid grid distortion in a
Lagrangian formulation. In general, a rolling-pass simulation is a transient analysis that includes
actual threading of the work piece through the roll gap. The analysis is run until a steady-state
solution is reached, which means that a constant shape of the work piece is observed at the exit
of the roll gap. Such an approach emanates from the application of lagrangian formulation. An
alternative approach uses a mesh that is an initial guess of the final configuration. Then the flow
of the material through the mesh is calculated using the Eulerian formulation. The calculation is
terminated when the configuration of free surfaces has converged. The crucial point for the
steady-state approach is the prediction of free surfaces and the tracing of properties for history
dependent materials. Due to the ability to correctly describe the free surfaces, the ALE
formulation was applied in a steady-state analysis of shape rolling and slitting rolling. Shape
rolling is a coupled thermo-mechanical problem, where the material properties strongly depend
both on temperature and strain rate. The interaction between the mechanical and thermal field
can be solved within one time step leading to simultaneous solutions. However, this approach is
often associated with high computational cost. Alternatively, staggered solution technique is
used, where the mechanical problem is solved at a fixed temperature, followed by the solution

of thermal problem at a fixed configuration. The latter approach is commonly applied in
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thermo-mechanical analysis of shape rolling ,[65] but also in general purpose finite element
codes such as MSC[65]. Beside the fully 3D finite element analysis of shape rolling, simplified
methods were developed in effort to minimize the computational costs. They assumed that the
longitudinal displacement is uniform over any cross-section perpendicular to the rolling
direction. The method combined the slab method, to impose the force equilibrium in the rolling
direction, and 3D rigid-plastic finite element method, to analyses the lateral spread and
elongation of the bloom. They replaced the 3D finite element model with a 2D finite element
model with generalized plane-strain formulation, reducing the size of models even more. The
temperature was predicted by 2D FEM neglecting the temperature gradient in the rolling
direction. The method was also coupled with a thermal model using a 2D FEM. Today, the
simplified methods are still being used. They are applied in analyses of multi-pass shape rolling,
where they provide approximations of the displacement and temperature field for complex
material models. Such models are often physically-based material models that predict the
evolution of mechanical properties, such as flow stress, together with micro structural changes.
In this study, simulations of bloom rolling are performed using both 3D FEM and a simplified
method combining the slab method and 2D FEM [56]. The generalization to three dimensions
of the quadrilateral used in two dimensions [97] for the discretization of the functional  is
performed in a typical finite element manner using four node quadrilateral elements (linear

isoperimetric element) for discretization as shown in Figure 23.
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Figure4. 5: Quadrilateral element and natural coordinate system.

The geometry of an element, in general, is uniquely described by a finite number of nodal points
also called as nodes[56]. These nodes are located either on the boundary of the element or

within the element. The shape function defines an admissible velocity field locally in terms of
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velocities associated with the nodes. Thus elements are characterized by the shape and the order
of shape functions. In this study 4-noded rectangular elements are used. The velocity fieldv

inside the element is approximated by shape functions in terms of nodal point velocity values as

Uy
U = =NT 4.24
v [vy] v (4.24)
where v = {v,1,, ....., vg}" is the vector of nodal velocities (4 nodes x 2 DOF/node) N is the

matrix of shape functions N;, N,, N5, N,which for four node elements and plane strain is

_ [N, 0 N, O Ny ON, O
0N, ON, 0 N30 N,

With the odd-numbered and even-numbered velocities correspond to the components,

NT (4.25)

respectively. The plane strain discretization is similar to the above. The N; are the finite element

shape functions, which for an isoparametric quadrilateral element are [32, 35, 38, 40, 58, 65,

66,74,75]

Ny =-(1=8)(1—1t), Ny=7(1+8) (1—1)
1

N;=-(1+S)(A+0), N, =§(1 —S)(1+10)

(4.26)

Where S and t represent a natural coordinate system. It is also necessary to discretize the strain-

rate versus velocity relations or similarly, a discretization of the external traction yields
_ T, -
F= [T]:N F (4.27)
y

Where F= vector of the nodal values of the friction stress.
It is convenient to arrange the strain-rate components in a vector form. For plane Strain §, = 0

vy
=

S
S e |
e=|& =l o er (4.28)
]./xy 0vy Oy
ox Ty
which gives us a relationship between the strain rates field inside the element and the nodal

velocities and where B is the matrix of the derivatives of shape functions given by [ 26,28, 30,
38,40].
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oN: (0 ON (0 9Nz (0 9Ny O
ax 0Ny  9x 0N, 9x ON3 9x ONg
B=|10 a9 0 ax 0 ax 0 ax (4.29)
N, AN, 9N, ON, ON; ONs ON, ON,
9x  dx  9x dx 9x ax ox ox

The volumetric strain rate &, is expressed by [56]

gy =&+ é = CTv (4.30)
Where

The effective strain rate, £ in a discrete form is expressed by[56]

& =Vv2Dé =VvTBTDBv = {P = BTDB} = VvTPv (4.32)
fo

The matrix D is givenby D =10 g 0l (4.33)
[0 0 %J

During discretization, the volume V of the body is divided into n, elements connected at n,
nodes. The functional for a single element is given by equation (4.22). Substituting components

and expressing in matrix form,
m=[,6VvTPvdV + [, ACTvadV — [ NTFNvdsS (4.39)
The functional for the whole deforming domain is the sum of the functional for the elements.
This functional is discredited and a set of nonlinear simultaneous equations (stiffness equations)
is obtained from the arbitrariness of dv and A as follows

Z=0and Z=0 (4.35)
Differentiation of the functional = with respect to the nodal velocities and to the Lagrange
multiplier at the elemental level and assembling them into the global equation under appropriate
constraints yields the stiffness equations:
Z=w|f,2vTPvav + [, AcTav — |

o/ NTFNdS| = 0 (4.36)

Z =y [ij CTv dv] =0 (4.37)
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These last two equations form a set of non-linear equations with nodal velocities v and
Lagrange multiplier A as unknowns, where j indicates the quantity at the j‘"element. The
solution is obtained iteratively by using the Newton-Raphson method. The method consists of
linearization and application of convergence criteria to obtain the final solution. Linearization

[88] is achieved by Taylor expansion near an assumed solution point v= v, (initial guess),

namely

on o°m

oml L [_ Avi = 0 4.38
[aUL U=U0 aU] U:]jo ] ( )

Where Av; is the first-order correction of the velocity v, equation (4.36) can be written [88] in
the form .

KAv = f (5.39)
Where K is called the stiffness matrix and f is the residual of the nodal point force vector[79].
Once the solution of Equation (4.39) for the velocity correction Av is obtained, the assumed
velocity is updated according to v, = aAv, where a a constant between 0 and 1 is called

deceleration coefficient.

4.1.5 The Rigid-Plastic Model: Flow Formulation Approach

Rigid-plastic analysis is more advantageous for computational efficiency and robustness than
elasto-plastic analysis is. This method has been used predominantly for the majority of bulk
forming processes where the elastic deformation is negligible compared with the plastic
deformation and the distribution of residual stresses is not of major concern. By neglecting the
elastic portion of deformation, the rigid-plastic formulation turns out to be very similar to that of
fluid flow problems except for the presence of yielding and so it is sometimes called the flow
formulation. The velocity field satisfying the equilibrium equations, constitutive equations, and
boundary conditions instantaneously is obtained at each state in the course of deformation
[41].Most of the more common constitutive laws for idealizing real materials have been
obtained from experimental approaches. The approaches show that the deformed metals exhibit
temperature, strain and strain rate sensitivity. A material behavior that exhibits rate sensitivity is
called plastic [57].There are a number of materials that exhibit plastic behavior. They include

most metals at high temperature, super plastic materials, heated glass, and polymers. When the
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deformation is large, most of them can be considered to be rigid-plastic. This is the case of the
hot rolling problem. Because of the importance of the application of plastic behavior to the
metal-forming processes, several researchers have examined the treatment of time-dependent
material behavior within the framework of the theory of plasticity. Zienkiewicz has shown the
feasibility of the finite element approach in the deformation analysis of rigid-platic materials by
treating them as non-Newtonian viscous fluids [19]. Others have applied this formulation to
creep forming. The yield stress in the Levy-Mises flow rule is given in the form of a strain-
hardening curve. In hot deformation processes, the majority of metals are also sensitive to
changes of temperature and strain rate, and the influence of these parameters is often much
stronger than the influence of strain. The behavior of these materials is well described by rigid-
plastic flow and also by the plastic flow rule, which is expressed by a plastic potential. Two
commonly used plastic laws are the Norton-Hoff law and the Sellars-Teggart law [57]. The
Norton-Hoff Law, also known as plastic power law, was first used for uniaxial creep analysis by
Norton in 1929 and extended to three dimensional analyses by Hoff in 1954[59]. It is generally
written in the form [45, 85]:-

7=2K(35 )" (4.41)
and the monodimensional expression is
7=2K(35 )" ° (4.42)

We observe that

m=1 corresponds to the Newtonian fluid with a viscosity n = K,M=0 is the plastic flow rule
for a material obeying the Levy-Mises yield criterion with a yield stress o, = V3K ,0 <m >

1 is the first approximation for hot forming of metals. For most common metals m lies between
0.1 and 0.2 but for a super plastic material it can reach values between 0.5 and 0.7.The Sellars-

Teggart Law for three-dimensional problems is written as (Sellars & Teggart, 1972):

=_ 2 np-1(8)2

0 = —sin h (A) : (4.43)
Analysis of both laws shows that the second derivative of the plastic potential tends to infinity
when the strain rate tends to zero. Therefore, a normalized Norton-Hoff law is suggested:

m—1

g=2k(V3)" (¢2+&%) 7 & (5.44)
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Where €, = small constant such that if €, >> £, Equation (3.38) becomes nearly identical to
Equation (3.36) and when &, << &, , the constitutive law tends to become purely Newtonian
[58]. Plastic material models are commonly used in the finite element simulations of metal
forming processes. The domain V is discretized into finite elements in the usual way. The
unknown velocity field is discretized and an analytical description of this field within an
element is obtained by the interpolation v = Nv.The general form of the plastic functional for

the Norton-Hoff law, after discretization is:

1
n=f, = (38)" v + [, A€wav — [ Fds (4. 45)
Differentiation of the functional with respect to the nodal velocities yields a set of nonlinear

equations, which is usually solved by the Newton-Raphson method [57].
4.1.6 Heat Transfer Finite Element Modeling in Rolling

A complete analysis of the rolling process also requires the simulation of heat transfer in the roll
gap, making it necessary to couple the solution for the flow formulation with the thermal model.
Temperatures are calculated, accounting for heat conduction in the material, heat generation due
to plastic work, friction, and heat losses due to transfer to the surrounding medium. According
to Kobayashi, Oh, & Altan, the importance of temperature calculations during a metal forming
process has been recognized for a long time. Until recently, the majority of the work had been
based on procedures that uncoupled the problem of heat transfer from the metal transformation
problem. Several researchers have used this approach. They determined the flow velocity fields
in the problem either experimentally or by calculations, and then they used these fields to
calculate heat generation” [98].In order to handle a coupled thermo-plastic deformation
problem, it is necessary to solve simultaneously the material-flow problem for a given
temperature distribution and the heat transfer equations. Zienkiewicz et al [94]discussed
numerical solutions of such forming problems, with examples of steady flow in extrusion,
drawing, rolling, and sheet metal forming. Kobayashi[56] developed the method for a coupled
analysis of transient plastic deformation and heat transfer applied to solid cylinder compression
and ring compression. The general diffusion equation is[57].
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w5+ 5 (&) 5 G) ra—Geg=0 (4.46)
Where k = heat conduction coefficient T = temperature (K) g = 7731']'8;1] =rate of heat
generation (W/m3 Cp = specific heat (J/kg K) , material’s density (kg / m3) t = time (s).Solution
of the diffusion equation must satisfy the specified boundary conditions . Along the boundaries
of the deforming material, either the temperature T is prescribed or a heat flux is given. As
explained by [56] in their derivation, the energy balance Equation (5.46) can be written in the

form
J,K

for arbitrary variation in temperature 8T . By using the divergence theorem, equation(4.47)
becomes[35,48,73]

92T oT — -
o STav — | ,Cpp 5, 8TAV — J no€;6TdV =0 (4.47)

9%T (0 ar — =
e (%) av = [, pCy 5 8TAV = [ 15y;€,;6TdV = [ qn8TdS = 0 (4.48)
where g, is the heat flux across the boundary surface S, denotes the unit normal to the

boundary surface and gq,, = K Z—Z (4.49)

Solutions to problems of this nature require the temperature field to satisfy the prescribed
boundary temperatures and Equation (4.47) for arbitrary perturbation .For the finite element
formulation the temperature field in Equation (4.48) is approximated by

T=Y,9,T,=N'TA (4.50a)
Where q,, the shape is function and T, is the temperature at a**. With the quadrilateral element

shown in Figure 3.3

NT =1{q1,q2, 93,943 (4.50b)
TT = {Tp T, T3, T4} (4.50C)
Where q4, 92, q3, q4 are given by equations (4.26).

_% %_
ax dy
992 94z
dx ay
M =32 04s (4.51)
ax dy
994 04s
dx ay
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and substituting equation (4.50a-c) into Equation (4.48).
a S
Y [ f y KSTTMM'TdV — / v, pCpﬁTTNNTa—:dV —f vl (G4;&;;)T™NaV — [ SqiqnéTTNdS = 0](4.52)
Because of the arbitrariness of 8T, the following system of equations is obtained[36,75],
oT —
(S, KMMTavT + f, pC,NNTav -~ [ 0 (GE)NAV — | 5y, TnVAS = 0| (347)(453)

The set of equations given by (5.53) can be expressed in the form

CT+K.T=Q (4.54)
Where C is the heat capacity matrix, K, is the heat conduction matrix, Q is the heat flux vector
is the vector of nodal point temperatures, and T the vector of nodal point temperature-rates. The
heat flux vector Q in equation (3.48) has several components and is expressed with the

interpolation function N by
Q=/[,n(@E)Nav + [ 5,006 T w = T*INAS + [ h(T, = T)NAS + [ K(T, -
TR)NdS + | 5oy drrNAS (4.55)

The first term on the left is the heat, generated by plastic deformation inside the deforming
body. The second term defines the contribution of the heat radiated from the work piece to the
environment, where o is the Stefan-Boltzmann constant, ¢ is the emissivity, and T,,and oT.are
the work piece and the environment temperatures respectively which for hot rolling is
approximately 0.8. The third term describes the heat convected from the body surface to the
environment fluid (air or water) with heat convection coefficient h. The fourth term represents
the contribution of the heat conducted from the work piece to the rolls through their interface
and k is the work piece-roll heat transfer conduction coefficient. The last term is the
contribution of the heat generated by friction along the roll-work piece interface, qf being the
surface heat generation rate due to friction. The theory necessary to integrate (4.55) can be
found in numerical analysis books. See for instance [73]. The convergence of a scheme requires
consistency and stability. Consistency is satisfied by an approximation of the type [56]

Tesne = Te + At[(l - BT + ,BTt+At] (4.56)
Where § is a parameter varying between 0 and 1, and t denotes time. For unconditional
stability, 8 should be greater than 0.5. Selection of a proper value of g is an important factor in

situations where it is desirable for the time step to be as large as possible; provided that the
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increments in strain are compatible with an infinitesimal analysis [73].With respect to the
computational procedures for thermo-plastic/viscoplastic analysis, we will treat the work piece
and the rolls separately, assuming that the die properties do not change. Thus we greatly reduce
the number of equations to be solved simultaneously, which, in turn, reduces the cost of the
solution. There is no internal heat generation in the roller and therefore, the deformation
calculations are not necessary. The heat generated through friction,q”fr, is evenly distributed

between the roller and the deforming material, and is calculated as

4 =0omvs (W 2) (4.57)
Where oy, = friction stress (MPa), v, =relative sliding velocity between the roll and the

work piece (m/s), {=fraction of friction energy that is converted to heat. It should be noted that
the nodes on the die do not generally coincide with those on the deforming material along the
interface, and that the calculation of nodal point temperatures requires interpolation. When
boundary conditions such as the convection term in Equation (4.55) apply, they are split into
two parts: one containing the unknown temperatures is added to the heat conduction matrix K.
Boundary conditions such as the radiation term in Equation (4.55) are applied using previous
iteration values for body temperatures [8,13].The model just described can be used to calculate
the temperature distribution as well as the velocity, strain rate, strain and stress fields in the
deformation zone during hot rolling. Plane strain state is assumed in the velocity field and four

node quadrilateral elements are used in the non-linear finite element model.
4.1.7 Coupled Thermal-Mechanical Analysis

The coupling between the deformation analysis and the heat analysis of the Work piece is given
through the material constitutive relationship for the work piece. This is because for a rigid-
thermo-plastic material, the flow stress is a function of effective strain, effective strain rate and
temperature .Further, the problem of thermal analysis consists of two parts, the thermal analysis
of the work piece and that of the roller [57].From the physical point of view, the rolling process
is a coupled thermal-mechanical problem. The coupling between the mechanical and thermal
phenomena results from the pressure-dependent thermal contact resistance between the steel
strip and the rolls. Many operations performed in the metal forming industry (such as casting,

extrusion, rolling, and stamping) can require a coupled thermo-mechanical analysis. The
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observed phenomena must be modeled by a coupled analysis if the following conditions pertain:
First, coupling occurs when deformations result in a change in the associated heat transfer
problem. Such a change can be due to either large deformation or contact. The second cause of
coupling is heat generated due to inelastic deformation. The irreversibility of plastic flow causes
an increase in the amount of entropy in the body, which in turns results in changes to the

associated mechanical problem.

heat transfer

- "
analysis
heat generated
thermal .
expansion — due to plastic
deformation
temperature changing geometry
dependent material — due to large
properties deformations
femperature y sy <
dependent bound- = CHENGSNE CONICE
— conditions
ary conditions
mechanical
’ —

analysis

Figured. 6 : Coupled Thermo-Mechanical Analysis.

To determine the heat generated from mechanical sources such as the work done by plastic
deformation (volumetric heat generation) or friction heating (surface heat generation), it is
necessary to specify how much mechanical energy is converted into thermal energy. This is
done by means of the heat generation factor n that takes values between 0 and 1. Work by
Warren & Taylor suggests that for metal plasticity a value of n = 0.9 is appropriate. In
particular, the heat rate generated due to plastic deformation is determined by

q =gy, W/m?) (4.58)
Where n = heat generation efficiency (fraction of the plastic strain energy that is converted to
heat~0.9) 0<n <1, g;;= components of equivalent stress tensor (MPa), Ei]-p= components of

equivalent plastic strain rate tensor (s~1).The heat transfer rate due to friction is expressed by
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q"fr =05 0y & (W/mz) (4.59)
Where oy, =friction stress (MPa), v, =relative sliding velocity between the roll and the work
piece (m/s), &= fraction of friction energy that is converted to heat, 0 < ¢ < 1.In order to
handle a coupled thermo plastic deformation problem, it is necessary to solve simultaneously
the material-flow problem for a given temperature distribution and the heat transfer equations.
The equations for the flow analysis and the temperature calculation are strongly coupled,
making a simultaneous solution of their finite element counterparts necessary. Considering

T, ¢ @S a primary dependent variable, we have from Equation (4.56), with t=0 initially,

o= Tae _ To _ (12B\p _ Tac | &
Tae = BAt  BAt ( B )TO T BAt +T (4.60)
Where T = — % - (%) T, Substituting equation (4.56) into equation (4.48) CT + K,T =
Q,yields,
C >
(K + E) Ty — CT (4.61)

The coupling procedure makes use of Equation (4.61) through the following sequence:(a)
Assume the initial temperature field T,,(b) Calculate the initial velocity field v corresponding to

the temperature field T,,(c) Calculate the initial temperature-rate field T, from Equation (4.54)

using values from a) and b), (d) Calculate the quantity f‘,(e) Update the nodal point positions
and the effective strain of elements for the next step,(f) Use the velocity field at the previous

step to calculate the first approximate temperature T such as

(Ke + 750) Tae™ = Ta = Qu ¥ = CT for T (4.62)

(g) Calculate a new velocity field with the solution of f), (h) Use the new velocity field to

calculate the second temperature field such as

C >
(ke + m) Tae® = Que® — CT for Ty, @ (4.63)

(i) Repeat steps g) and h) until both have converged, (j) Calculate the new temperature rate
field T,, (k) Repeat steps €) through (j) until the desired deformation state is reached. The
iteration process for temperature calculations is not likely to require much computing time,
because only the heat input vector Q is changed during iterations and, as a result

triangularization of the matrix is necessary only once. Moreover, additional iterations necessary
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to obtain a velocity field after a new temperature field is obtained should be relatively few,
because the velocity field does not show much sensitivity to small variations of the temperature
field [19].The model just described can be used to calculate the temperature distribution as well
as the velocity, strain rate, strain and stress fields in the deformation zone during hot rolling.
Plane strain state is assumed in the velocity field and four node quadrilateral elements are used

in the non-linear finite element model.
4.1.8 FEA with different material modeling techniques

Generally speaking, finite element analysis simulation of the metal forming process is a non-
linear problem. Nonlinearities may arise in the thermal problem due to convection, radiation,
and temperature-dependant thermal conductivity and specific heat while mechanical problem
may involve geometric and material nonlinearities and Contact is another source of
nonlinearity. If contact occurs between deformable and rigid bodies in the mechanical problem,
boundary conditions of the thermal problems are updated to reflect the new contact
conditions[65].Metal forming simulation is often classified as a class of highly nonlinear
continuum mechanics problems because it is accompanied by large deformation (geometric
nonlinearity), nonlinear materials behavior (material nonlinearity in both deformation and
temperature),and frictional contact (nonlinear boundary condition) [41].In nonlinear finite
element analysis, lower-order elements are often preferred over higher-order ones because of
their robustness and reasonable accuracy at reduced costs. The software employs linear
elements, rather than quadratic or cubic elements, to process nonlinearity. Nonlinear analysis is
usually more complex and expensive than linear analysis. Also, a nonlinear problem can never
be formulated as a set of linear equations. In general, the solutions of nonlinear problems
always require incremental solution schemes and sometimes require iterations (or recycles)
within each load/time increment to ensure that equilibrium is satisfied at the end of each step.
Superposition cannot be applied in nonlinear problems. The iterative procedures supported in
Marc are: Newton - Raphson, Modified Newton-Raphson, Newton-Raphson with strain
correction, and direct substitution. If the R-P flow contribution model is chosen, a direction
substitution is used. A nonlinear problem does not always have a unique solution. Sometimes a

nonlinear problem does not have any solution, although the problem can seem to be defined
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correctly. Nonlinear analysis requires good judgment and uses considerable computing
time[46]. The finite element method can be used for nonlinear, as well as linear, problems.
Early development of nonlinear finite element technology was mostly influenced by the nuclear
and aerospace industries. In the nuclear industry, nonlinearities are mainly due to the nonlinear,
high-temperature behavior of materials. Nonlinearities in the aerospace industry are mainly
geometric in nature and range from simple linear buckling to complicated post-bifurcation
behavior. Nonlinear finite element techniques have become popular in metal forming
manufacturing processes, fluid-solid interaction, and fluid flow. A problem is nonlinear if the
force-displacement relationship depends on the current state (that is, current displacement,
force, and stress-strain relations).General, rolling simulation sophisticated issue because all of
the sources of nonlinearity exist in this problem. There are three sources of nonlinearity: The
work piece contact with the roller (nonlinear boundary conditions), the work piece undergoes
large deformation (nonlinear geometry) and the work piece has plastic deformation (Nonlinear

material behavior).
4.1.9 Geometric Nonlinearities (GNL) (kinematic)

Geometric nonlinearity leads to two types of phenomena: change in structural behavior and loss
of structural stability in the hot rolling due to the existence of large strains and deformations.
There are two natural classes of large deformation problems: The large displacement, small
strain problem and the large displacement, large strain problem. For the large displacement,
small strain problem, changes in the stress-strain law can be neglected, but the contributions
from the nonlinear terms in the strain displacement relations cannot be neglected. The large
displacement, large strain problem, the constitutive relation must be defined in the correct frame
of reference and is transformed from this frame of reference to the one in which the equilibrium
equations are written. The kinematics of deformation can be described by the following
approaches: Lagrangian Formulation, Eulerian Formulation, Arbitrary Eulerian-Lagrangian
(AEL) Formulation. Finite element method is the most preferred technique, as it can easily
include non-homogeneity of deformation, process dependent material properties and different
friction models. Lagrangian Formulation: - Lagrangian formulation represents a more natural

and effective approach than an eulerian approach for metal forming [99].The finite element
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mesh is attached to the material and moves through space along with the material. In this case,
there is no difficulty in establishing stress or strain histories at a particular material point and the
treatment of free surfaces is natural and straightforward. The lagrangian approach also naturally
describes the deformation of structural elements; that is, shells and beams, and transient
problems, such as the indentation problem. This method can also analyze steady-state processes
such as extrusion and rolling. Shortcomings of the lagrangian method are that flow problems are
difficult to model and that the mesh distortion is as severe as the deformation of the object. The
lagrangian approach can be classified in two categories: The total lagrangian method and the
updated lagrangian method. In the total lagrangian approach everything is referred to the
original undeformed geometry, which is used as a reference. This approach is therefore
applicable to problems exhibiting large deflections and large rotations (but with small strains),
such as thermal stress, creep, and rubber analysis where large elastic strains are also possible. In
the updated lagrangian method, the current configuration acts as the reference state and the
mesh coordinates are updated after each increment. This method is good for problems featuring
large inelastic strains such as metal forming and other problems where inelastic behavior such
as plasticity causes the large deformations. Thus, this is the approach used for our rolling model.
Eulerian formulation:-In analysis of fluid flow processes, the lagrangian approach results in
highly distorted meshes since the mesh convects with the material. Hence, an alternative
formulation, namely eulerian, is used to describe the motion of the body. In this method, the
finite element mesh is fixed in space and the material flows through the mesh. This approach is
particularly suitable for the analysis of steady-state processes, such as the steady-state extrusion
or rolling processes[99].Arbitrary eulerian-lagrangian (AEL) Formulation: - In the AEL
formulation referential system, the grid moves independently from the material, yet in a way
that is spans the material at any time. Due to its strong resemblance to the pure eularian

formulation, AEL is also called Quasi-eularian formulation.
4.2.1 Boundary Nonlinearities (BNL)

There are three types of problems associated with nonlinear boundary conditions: contact,
nonlinear support, and nonlinear loading. In the rolling problem, contact plays a major role as it

creates one of the most severe nonlinearities in mechanics. It is therefore very important to have
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a good understanding of its underlying principles. Contact by nature, is a nonlinear boundary
value problem. During contact, mechanical loads and sometimes heat are transmitted across the
area of contact. If friction is present, shear forces are also transmitted. Contact problems are
commonly encountered in physical and manufacturing systems. In the rolling problem the
contact problem occurs at the interface between the metal work piece and the rolls [89].Contact
problems are characterized by two important phenomena: gap opening /closing and friction. The
gap describes the contact (gap closed) and separation (gap open) conditions of two objects
(structures). Friction influences the interface relations of the objects after they are in contact.
The gap condition is dependent on the movement (displacement) of the objects, and friction is
dependent on the contact force as well as the coefficient of (Coulomb) friction at contact
surfaces. The analysis involving gap and friction must be carried out incrementally. Iterations

can also be required in each (load/time) increment to stabilize the gap-friction behavior.
4.2.2 Material Nonlinearities (MNL) (physical)

A solution requiring a nonlinear material model is probably the most difficult type of nonlinear
problem. The degree of difficulty is proportional to the degree of nonlinearity. A nonlinear
elastic problem is easier to solve than a moderately plastic problem. Even the latter is easier to
complete than a model with significant plasticity and relaxation. This is the reason why the cold
rolling problem is easier from the material modeling point of view, than the hot rolling problem.
The success and efficiency of a nonlinear material solution are dependent on the choice of
material model. Even the most complex material models are still significant idealizations of the
real situation. The material non-linearities in the hot rolling problems are due to the high degree
of plasticity of the rolling stock. In order to properly define the plastic behavior of the stock we
have to define the following :(a) Yield Criteria: when plastic behavior is expected, we must tell
the solver which criteria to seek to initiate yielding. Yield criteria are a function of the stresses
in the model. Both the hot and cold rolling models in this thesis use the von Mises yield
criterion which is considered the best criterion for ductile metals. (b) Hardening Rule:
determines how the material model responds to repeated stress reversals, or switching between
tension and compression. In ductile material that has never experienced plasticity; the yield

point in tension can be expected to be equal to the opposite of the yield stress in compression.
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However, once the yielding has occurred, some materials experience a phenomenon known as
the Bauschinger Effect, which causes the yield point in compression to be somewhat less than
the compressive equivalent of the initial yield stress. Consequently, nonlinear solutions have
implemented hardening rules to allow for adjustment of the yield point in stress reversals. An
Isotropic hardening model does not take the Bauschinger effect into account and the
compressive yield always equals the tensile yield; the absolute value of both equals the initially
defined yield stress. A kinematic hardening model will take into account the reduction in the
compressive yield point after a stress reversal. A kinematic model is more computationally
intensive and should not be used unless a portion of the model is expected to yield in tension
and then in compression. Most materials do experience strain hardening and will see an
improvement in accuracy if the kinematic hardening model is used when needed. It is the case
of the cold rolling problem which we modeled using the Ramberg-Osgood hardening material
model. This was the rule used in the FEM models that will be described in the following
chapters. (c) Flow rule: establishes the incremental stress-strain relations for plastic material.
The flow rule describes differential changes in the plastic strain components de pas a function of
the current stress state. The Levy-Mises was used for the hot rolling case. Another important
decision that had to be made for the nonlinear material analysis of the hot rolling problems was
which material model to use. As we saw in the plastic material model takes into account the
path dependent behavior that the material follows as it is hot rolled, the work piece enters and
exits the roll gap and a plastic deformation as the work piece undergoes the bulk of the

deformation process.
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CHAPTER 5

Analysis, Result and Discussion

Rolling is the process of reducing the thickness or changing the cross-section of a work piece by
compressive forces applied through a set of two rolls that revolve in opposite directions, while
the space between the rolls being less than the thickness of the entering material and material
passed between rolls is plastically deformed. The rolling process is analyzed in terms of the
effect of rolling variables and parameters on the work piece and on each other during the
process. Hot rolling is a (field variables coupling) and or coupled thermo-mechanical problem,
where the material properties strongly depend both on them. Or the coupling between the
thermal and mechanical problems takes place through the temperature-dependent material
properties in the mechanical (stress) problem and the internal heat generation in the mechanical
problem caused by plastic work, which serves as input for the heat transfer problem. The
thermal analysis is generally transient analysis with temperature-dependent thermal properties
and time/temperature-dependent boundary conditions. Thermo-mechanical modeling of the
mild steel bloom and the roller was performed for hot rolling operations on low-carbon steel.
The combination of both finite element method and thermo-mechanical process during rolling
provides a methodology with a systematic approach to predict the behavior of the rolled
material and analysis the effect of different variables and parameters. By considering different
rolling parameters such as initial bloom temperature and rolling speed, the influence of these
variables was studied on the behavior of the hot rolling process as well. In the first stage, stress
and strain distribution within the deformation zone of the rolled bloom was obtained. 3D finite
element models of single-pass hot rolling processes are developed with a simple geometry
cross-section. Simulations are carried out with the commercial software ABAQUS.This
software is a sophisticated simulation tool which considers the stress state with dedicated
meshing and remeshing techniques for metal forming processes. To achieve the required
precision in the simulations an adequately fine mesh is required, which must be carried out due
to the three-dimensional stress state with full 3D elements. Due to the large plastic deformations
the simulation mesh requires continuous remeshing to prevent the simulation from failing due to

extremely distorted elements. Thermo-mechanical boundary conditions and material model flow
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curves are implemented based on assumptions described in the previous sections. Process
parameters at each deformation stand are defined from real plant data: bloom cross-section
geometry, work piece temperature, rolling velocity, rolling mill set-up equipment either
horizontal. The developed nonlinear 3D finite element models are demonstrated to accurately
analyze the metal flow behavior of hot rolling under a series of different parameters. Finite
element method is proposed as a viable approach for the prediction of these parameters in such
complicated thermo-mechanical problems. For instance, stress distribution within the

deformation zone for the bloom is given in the fig below.
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Figure5. 1 : Stress distribution within the deformation zone at different place when the work
piece moving between the two high stand roller.

To demonstrate the stress and strain history on the surface and on center line of the rolled work
piece, stress and strain variation curves along the rolling direction were computed and compared
with published data. The properties of a hot rolled material are dependent on the evolved
structure; it is a function of the restoration processes taking place during the hot deformation
which are in turn dependent on the structural parameters of the hot rolling process (temperature,
stress strain).The operations performed in the metal forming (hot rolling) can require a coupled
thermo-mechanical analysis and the following conditions pertain or physical phenomena must
be modeled and observed: The body undergoes large deformations such that there is a change in
the boundary conditions associated with the heat transfer problem and Deformation converts
mechanical work into heat through an irreversible process which is large relative to other heat

sources. The interaction between the mechanical and thermal field can be solved within one

JU, JIT, MSC-THESIS2022 Page 119



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

time step leading to simultaneous solutions. A coupled thermo-mechanical simulation model
was developed using the commercial finite element code ABAQUS. The rolling model is 3D,
thermo-mechanical, transient and nonlinear, ABAQUS/CAE is divided into modules, where
each module defines an aspect of the modeling process; for example, defining the geometry,
defining material properties, and generating a mesh. As you move from module to module, each
module contributes keywords, parameters, and data to form an input file that you submit to the
ABAQUS/Explicit solver for analysis. The finite element model currently used in this work is
based on lagrangian and transient. Though these models yield results that are generally depend
on the geometrical data. For example, you use the Property module to define material and
section properties and the step module to choose an analysis procedure; the ABAQUS/CAE
postprocessor is called the visualization module. Knowledge of the stress-strain curve is needed
for efficient processing, along with the mechanical property and Models must be developed,
based on equations that relate the deformation parameters. Without the knowledge of the
influences of variables such as ,material properties, and work piece geometry on the process
mechanics of rolling, it would not be possible to predict effects of parameters(geometrical
parameters, process parameters, material parameters) which plays a major role in plastic
deformation and prevent the occurrence of defects. This evaluation was made by studying the
von Mises stress and the plastic strain in the bloom. The goal of the present study was to
provide models that describe the stress-strain curves of ASTM A36 mild steel bloom under hot-
rolling conditions and to provide data as input to the numerical tools, such as finite-element
method, for detailed calculations of stress, strain, and related properties. The focus had been on
modeling the stress-strain behavior as functions of temperature, strain rate. In general there are
no standard test procedures for determining flow stress curves at the relatively high temperature
and strain rate conditions encountered in industrial processing and metalworking (hot rolling).

The variables stress and strain describe the distribution of forces that affect not only roll life, but
also the general operation of the mill and quality of the rolled product. The basic instrument
(quantities) a function of the geometry of the work piece that may be used to describe the
mechanics of plastic deformation of the metal when a metal deforms from one shape to another
under an external load and result such as stress, strain which can predict easily properties of the

materials.
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5.1 Temperature evolution

It is generally accepted that, in hot deformation processes, temperature is the most significant
parameter for the determination of product properties. The fundamental parameter in metal
forming especially under hot rolling processes is the temperature. It is accepted that, in hot
deformation processes, for the determination of product properties because large number of
material properties vary with temperatures. In hot rolling the chief factors influencing the yield
stress are; the type of material, the amount and rate of deformation and the temperature. An
increase of the initial bloom temperature and thickness will reduce the rolling force. As can be
seen the thermal properties required to solve the thermal problem are: material density, specific
heat and thermal conductivity, all of which are temperature dependent. It would be necessary to
know the values of these properties in function of the temperature in order to perform a
thorough analysis. The mechanical properties required to simulate the mechanical problem are
related to the material behavioral model used, for this study is a thermo-plastic model with von
Mises yield criterion and the modulus of elasticity, the Poisson coefficient, the yield stress, the
tangent modulus and the coefficient of thermal expansion are required because all of these
properties are also temperature dependent. Ductility, strength, texture etc. are each significantly
influenced by the temperature. Ductility increases and yield strength decreases when work
temperature is raised. Any deformation operation can be accomplished with lower forces and
power at elevated temperature. Temperature variation during hot rolling is caused by the
combined effect of two factors. One is the heat generated by the friction between the rolls and
metal surface and plastic deformation of the metal (work piece) and the heat loss to the rolls
through conduction and temperature changes continuously as a result of heat losses to the
surroundings by convection and radiation. At high temperatures rolling, recrystallization
eliminates the effects of strain hardening so there is no considerable increase in strength and
hardness or decrease in ductility. Over 90% of the energy imparted to a deforming work piece is
converted into heat and it may increase the temperature of the metal if deformation rate is high.
Heat is lost through the work piece surfaces after the deformation, with the majority of cooling
occurring at contact points between the metal and the lower temperature tooling. The success of
a hot deformation process depends on the ability to control the temperatures within the

deformed metal. A change in the temperature distribution contributes to the deformation of the

JU, JIT, MSC-THESIS2022 Page 121



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

body through thermal strains and influences the material properties. The temperature rise of
the work piece during hot rolling can be attributed to various factors such as rolling
speed, initial temperature of the bloom, plastic deformation of the work piece, the cross
sectional shape of the work piece during the rolling operation. As known above the
rolling process achieved at temperature 1100C, the temperature distribution around the work
piece with maximum value 1200 C for the square bloom mild steel. In the roll-gap the heat is
transferred from the bloom to the roller. The bloom and roller temperature in the roll-gap region
are effectively coupled through the heat transfer coefficient at their interface. The simultaneous
solution of the governing equations of heat conduction for the bloom and the roller has to be
carried out. In the present study it was assumed that axial conduction in the work roll is
negligible. Heat transfer from the roll occurs by convection to atmosphere along its
circumference except in the roll-gap region where it receives heat from the rolled material or
work piece. The temperature gradient between the entrance and exit of the horizontal rolling

stand is not uniform.
5.2 The temperature influence

A finite element model has been developed which takes into account the heat transfer
phenomena of the contact region and the combined thermo-mechanical heat transfer. Apart from
very specific metal-forming conditions where the process is very slow and may be considered as
thermal analysis, the temperature distribution plays an important role, and the plastic
deformation potential must be temperature dependent. Large number of material properties
varies with temperatures. The temperature affects substantially the mechanical properties of
mild steel because it is critical parameters for determining the material properties of the heated
metal to deform. In general, temperature has a potential that influence metal heating which is
explained by the increase of amplitude of atoms’ thermal oscillation, which causes the
weakening of their ties and facilitates the process of plastic deformation. Besides that the rate of
recrystallization process increases at higher temperatures and contributes to the metal softening.
The resistance to deformation decreases due to increasing of metal heating temperature within
the range of temperatures of hot rolling of metal forming, and the plasticity increases. The
distinction in resistance to deformation between the steels with different carbon content
becomes insignificant at high working temperatures (more than 1100°C).The resistance to
deformation is increasing due to the development of the process of strengthening with the
increase of deformation degree. The period of deformation is reduced with increase of the rate
of deformation. The increase of the bloom width during the rolling is called broadening or
lateral deformation. Temperature of bloom (stock) during the hot rolling process varies from
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rotation pass to another due to following mechanisms: Heat Generation due to plastic
deformation. Heat is generated in the stock when plastic deformation of the stock takes place as
a part of the energy expended to deform the stock is converted into heat and Heat Transfer. Heat
transfer mechanisms include conduction (between roll and stock), convection (between stock
and environment), and radiation (between stock and environment). Analysis of the flow stress
behavior and the effect of process parameters on the deformation process and overall effect on
the hot rolling process. The flow curves generated from the single pass hot rolling using two
high stand roller showed that an increase in stress with increase in strain and decrease in
temperature when temperature and strain rate were kept constant in each deformation pass,
respectively. As seen from the figure at any given temperature, the peak stress or flow stress
was observed to increase with strain rate. Figure 34. Shows the variation of flow stress with
strain in different processing temperature and it shows that the effect of temperature on the
stress-strain curves. The flow curves show an increase in flow stress with strain rate for
temperatures, though higher stresses were clearly attained when the deformation was carried out
in the lower temperature. Figure 34 denotes the variation of von-Mises equivalent stress which
is an important parameter in terms of understanding global stress state of material. Figure 30 as
mentioned before, the stress distribution across the width of the bloom is non-uniform and lead
to differences in material flow behavior. It is clearly shown that the highest compressive state of
stress and the highest gradient of stresses occur near to the dog bone shape as a result of the
significant thickness reductions suffered by this region of the bloom. When stress-strain
behaviour is examined over a wide range of different hot working conditions, it is usual to
report a number of curves as typical examples and characteristic values of the flow stress as
functions of temperature and strain rate. In metal forming processes such as rolling the flow
stress of the metal is a key factor for successful operation. The forming pressure and the load
are directly related to the flow stress, and therefore a lower flow stress is desirable in most of
the forming operations. Since the flow stress is usually reduced with temperature, a high
working temperature is beneficial to carry out the operation with a low load or pressure. The
flow curve describes the stress-strain relationship in the region in which metal forming takes
place. It indicates the flow stress of the metal-the strength property that determines forces and
power required to accomplish a particular forming operation. In hot deformation processes the
metals sensitive to changes of temperature and strain rate (rate of deformation) and the
influence of these parameters is much stronger than the influence of the strain.
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Figure5. 2: The coupled effect of temperature and strain on stress-strain curves for ASTM A36
mild steel for constant strain deformation but varying temperatures.

As expected, the flow stress at a given strain increases with decreasing temperature for a given
bloom size and strain rate. Flow stress also depends on strain rate and temperature, usually
increasing with strain rate and decreasing with temperature. During deformation, the stored
energy of the material is raised by the presence of dislocations and boundaries. Simultaneously,
because of the high temperature, dynamic recovery occurs. During recovery, rearrangement and
annihilation of dislocations occurs which lowers the stored energy. Dynamic recovery and
recrystallization are important processes because they lower the flow stress of the material
enabling it to be deformed more easily. Dynamic recovery is the term used to describe the
thermally activated recovery occurring during deformation at high temperature. In general the
effect of temperature on flow stress can be explained by the fact that the two restoration
mechanisms, dynamic recovery and dynamic recrystallization, are thermally activated. The rate
of formation of cells or sub grains by dislocation rearrangement (recovery) as well as the rate of
nucleation and growth of strain-free grains (recrystallization) increase with increasing

temperature as a result of faster grain boundary mobility and diffusivity. Before hot rolling of
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microalloyed steels, the steels are soaked at high temperature to dissolve the particles to get
enough microalloying elements in solution. At low temperatures the microalloying elements
start to precipitate causing a retardation of recrystallization. For conventional controlled rolling
the finishing passes are carried out below the temperature where the material recrystallizes.
When no recrystallization occurs between passes, the strain is accumulated and the austenite
grains become severely deformed. This provides for more preferential nucleation sites for ferrite
during subsequent transformation and a fine ferrite grain size is obtained. The stress of the

material will be a strong function of strain, strain rate, and temperature,

5.3 Model Predictions and Experimental Stress-Strain Curves

Every type of metal forming is characterized by the definite scheme of stresses and strains
actions. The combining of stressed and strain states schemes in the specific process of metal
forming is called mechanical scheme of deformation. The goal of this study was to provide
models that estimated the stress-strain curves of mild steels under hot-rolling conditions. The
thermo-mechanical models were used during hot rolling to provide data as input to the
numerical tools, such as finite-element method, for detailed calculations of stress, strain, and
related properties. The focus had been on modeling the stress-strain behavior as functions of
temperature. Model predictions and experimental data result stress-strain a curve presents that
the results of model predictions versus experimental data for each individual stress and strain
value of mild steel. The ABAUQS modeling curve and experimental conditions as were
observed from the given the graphs below typically the result presented that the agreement
between the experimental data and the ABAQUS model predictions have fair approach. To
describe the stress-strain curve mathematically, our initial choice was which fitted the elevated-
temperature experimental data well for the stress-strain portion that was prior. The rigid-plastic
model describes the flow stress behavior and incorporate yield stress at the start of the stress-
strain curve so begins at the yield stress when strain is zero. The purpose of this work was to
develop constitutive equations that predict the stress- strain curves of mild steels bloom as
functions of processing variables, such as temperature. The results from the coupling between
the pure mechanical model of the work piece and the thermo-mechanical model of numerical
calculations are carried out based on a geometric relationship for the hot rolling stress
distribution. This work proposes a simplified approach to tangential stresses for the rolling
under hot milling for a number of parameters and variables. Stress distribution under hot rolling
gap in a radial direction is computed by finite element model simulations and the result shows
good agreement with experimental data[100].
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Abaqus Stress(Mpa) 380 420 435 447 460 485 500 530 545
Result
Strain(lmm) 0 0.02 0.04 0.06 0.08 0.1 0.12 0.15 0.165

Experimental | Stress(Mpa) 100 150 200 300 400 500 600 700 800
Result
Strain(mm) 0 0.05 015 02 03 04 05 06 0.7

Table5. 1: Comparison of FEM methods and experimental data

~
9.00E+02
8.00E+02 -/:;e
7.00E+02 /ﬂ’“ %
6.00E+02 /
T
. >00802 === Experimental Curve -
w
o 4.00E+02 —
5 .
3.00E+02 == Modelling Curve ]
2.00E+02
1.00E+02
0.00E+00
0 2 4 6 8 10 12 14
Strain (mm)
- J

Figure5. 3: Result of model predictions vs. experimental data flow curves of the hot rolling.

All models look quite promising, since it avoids analyzing of the bloom in the general solution
and enables to catch the relevant phenomena which are induced by compressive loads. Stress
behavior on the bloom is also identified with all possibility of the loads, which were less
attention given in different literature. In general, experimental validation for the thermo-
mechanical coupled numeric model of finite element model is strictly needed to allow a suitable
model improvement. However, the experimental setup is very complex, expensive and time-
consuming, which are difficult to be completed on existing hot rolling milling, which is used
daily in the metal forming industry/manufacturing (the final stage of metallurgical

manufacturing) processes. Moreover, the work focuses on the modeling of hot rolling plastic
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deformation evolution with information from the beginning, by assuming that all plastic stresses
can contribute to the deformation evolution for a given number of loads. Even though the results
obtained are satisfactory for most of the models, there are limitations which can have negative

effects on the utilization of the model or on its effective use for simulation.

5.4 Effect of temperature on stress

In the steel industry hot rolling is plays a major role especially in the deformation process in
which the work piece subjected to the cyclic thermal and mechanical loading that explained in
common as thermo-mechanical coupled and the detail deformation information, such as strain,
stress, temperature, velocity and consider the complex interactions between strain, strain rate,
temperature variation due to rolling force pressure imparted by roller contact (mechanical part)
and non-uniform temperature distribution due to heat generation rate in the deforming work
piece due to plastic deformation and heat loses and heat transfer between roller and work piece
at the contact place and to the environment through the three types heat transfer mode radiation,
convection and conduction (thermal part). Mostly hot rolling processes has been toward the
prediction of temperature, strain and stress distributions in the rolled material, as these
variables control the final microstructure, and mechanical properties of the rolled product. Due
to thermal influences, developing the bloom temperatures drastically decrease the flow stress of
bloom but decrease of rolling force. An accurate knowledge of temperature is essential for the
accurate prediction of rolling parameters effect during the plastic deformation metal under hot
rolling process. In order to obtain the stress distribution, simulations have been performed
utilizing the plane assumption. The consideration of temperature effects in the analysis of metal
forming problems is very important. At high plastic deformation can induce phase
transformations and alterations in grain structure that in turn, can modify the flow stress of the
work piece material as well as other mechanical properties. When a metal is deformed at room
temperature, its resistance to further deformation increases (strain hardening).So work
hardening (strain hardening) resulting from deformation below the recrystallization stop
temperature, which causes pan caking of the grain is to be considered. Strain hardening, also
called work hardening or cold working, increases the yield stress depending on the accumulated

strain, or the strain path, of the material. Strain-rate hardening increases the materials’ resistance
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to plastic deformation as deformation occurs more quickly making the yield stress a function of

the plastic flow rate.
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Figure5. 4: Variation of von-Mises equivalent stress at constant time with different temperature

The above graph indicates that stress at constant time but at different temperature input value.
Sl=stand for stress at temperature 950°C, S2= stand for stress at temperature 1200°C, S3=
stand for stress at temperature900°C, S4= stand for stress at temperature1100°C,, S5= stand for
stress at temperature 1000°C. From the above result we observed that as the temperature

increases the stress value and stress graph become decreases.
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Figure5. 5 : Distribution of Von Mises stress vs. Time for single temperature.

It can be seen from figure 31, it is equal to (5.784e08) just after the bloom enters between the
rollers and after some increment of rolling time, it increases gradually until reaches (5.788e08)
then slightly decreases and oscillates about a certain value of about (5.770e08).Thermal effect
influences that, increasing or developing the bloom temperatures decrease the flow stress of
bloom but decrease of rolling force. A finite element simulation was carried out using
ABAQUS 6.14 software (Explicit) observed the influence of these parameters on the hot rolling

process, equivalent plastic strain and stresses.

S, Mises

{Avg: 75%)
+5.784e+08
+5.305e+08
+4.827e+08
+4.348e+08
+3.870e+08
+3.391e+08
+2.913e+08
+2.434e+08
+1.956e+08
+1.477e+08
+9.989e+07
+5.204e+07
+4.195e+06

Max: +5.784e+08
Elem: BLOOM-1.6656
Nocde: 8381

>
em: BLODEE, AFGLLC R0
Node: 60RB&ormed var: U Defa '&3

JU, JIT, MSC-THESIS2022 Page 129



Modeling Plastic Deformation of Mild Steel Bloom ASTM A36 Under
Hot Rolling Mills

(Avg: 75%)
+5.788e+08
+5.323e+08
+4.857e+08
+4.391e4-08
+3.925e4+08
+3.460e4-08
+2.994e4-08
+2.528e4+08
+2.063e+08
+1.597e4+08
+1.131e4+08
+6.656e+4+07
+2.000e+407

Max: +5.788e+08
Elem: BLOOM-1.10016
Noce: 1

M%—IZ.O Step: Step-1
em: BL Increment 758 Step Time = 0.7000
Node: 4 Primary Yar: S, Mises

AT

S, Mises

(Avg: 75%)
+5.778e+08
+5.313e+08
+4.848e+08
+4.383e+08
+3.918e+08
+3.452e+08
+2.987e+08
+2.522e+08
+2.057e+08
+1.592e+08
+1.126e+08
+6.613e+07
+1.961e+07

Max: +5.778e+08
Elem: BLOOM-1.16672
Node: 19

silims +.1'9 Step: Step-1
€n: BL Ingement  6636: Step Time =
Node: 14 Primary VYar: S Mises

2,100

Figure5. 6 : Different stress values at different contact area of work piece.

This can be explained as; at beginning of the rolling process, the plastic deformation occurs
until plastic strain reaches a certain values then when the material is hardening consequently the
materials become more resistant to plastic deformation. The maximum stress is 5.778x1028Pa,
for ASTM A36 mild steel bloom which is in agreement with the experiment value of structural
low carbon steel S235JR.
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Figure5. 7 : Distribution of stress during rolling process for roller diameter; R= 460 mm, roller
speed = 300 mm/sec and friction coefficient; yu = 0.3.

In general essential mild steel (bloom) properties that reflect more changes under the effect
temperature are low yield strength and high ductility, this mean that ductility increases and yield
strength decreases when the rolling temperature is raised. Near the ends of the bloom, the stress
and strain is different due to the special conditions that occur during the start and finish of the
rolling process. During the initial contact between the roll and the bloom, the contact length is
small and the friction varies between adhesion and slip. After this, the process reaches a steady
state until the end of the pass, at which the bloom and roll starts to lose contact, and the contact

length once again changes.
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5.5 Stress (Stress distribution)

At this stage, using the initial bloom temperature applied for the bloom mild steel the thermo-

mechanical stresses distribution within the work piece or rolled material was first determined.
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Figure5. 8 :Distribution of effective thermo-mechanical stress within work piece under initial
temperature.

In general in hot rolling processes, the work piece is subjected to external and internal forces in
order to achieve a certain desired shape. Under the action of these forces, the work piece
undergoes displacements and deformation and develops internal forces. If the stress in the work
piece is greater than the yield stress, the material no longer exhibits elastic behavior, and the
stress-strain relationship becomes nonlinear. Stress is a measure of the intensity of internal
forces generated in a body. In general, stresses in a body vary from point to point. As shown in
the Figure 35 below stress rate is analyzed. Stress increases with decreasing temperature and
time and increasing strain rate. The deformation of the work piece takes places in step by step
reduction in height. The hot rolling can be easily done by heating the work piece for the
required time and apply load. Figure 5.8 shows the stress distribution on the workpiece.
Thermal loading has a more influential effect on the stresses developed in rolling mills during
high-temperature rolling operations; however, the influence of mechanical loading on the hot

rolling mills should also be taken into account in order to a sound rolling schedule to operate.
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As shown in the Fig 5.8 Stress rate is analyzed. The result indicates that as rate of deformation
increase, stress development in the work piece also increase with load applied constantly. Stress
increase as the time increase in the rolling process and once the stress arrive at certain
point, there is longer stress increment development in the work piece. Stress depends
fundamentally on the dislocation structure which depends chiefly on the “metallurgical history"
of strain, strain rate, and temperature. The deformation processing situation is best viewed as a
total system. The deformation zone is concerned with the distribution of stress, strain, and

particle velocities, and with the overall pressure required performing the operation.
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Figure5. 9 : Stress vs. time curve from FEM by ABAQUS Software.

The result on the graph indicates that the rate of deformation increases that means the stress
development in the deformed work piece also increase with the load. As deformation increases,
the deformation resistance increases due to increasing dislocation takes place within a particles
of work piece content. In constitutive modeling, the flow stress is expressed as a function of
other process parameters, such as strain, strain rate, and temperature, which describe the state of

the plastic deformation in the deforming metal. Stress distribution is essential in the metal
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forming, which may contribute to increased production efficiency and product quality. Plastic
material properties are dependent upon the rolling temperature and rolling speed, and thus can
significantly influence the manufacturing process. At varying rolling speeds, the stress
distribution were calculated and investigated. The flow stresses are dependent on rolling speed
and temperature. The stress difference is caused by temperature softening effect, under which
stress is reduced at same deformation. The flow stress patterns indicate that stress is
concentrated at higher rolling temperature can reduce internal stress. As the plastic deformation
of the specimen increases, the metal becomes stronger (strain hardening). In hot rolling process
according to the constitutive equation, the parameters affecting stress distribution in the
deformation zone are strain, strain rate and temperature. The lowest temperature of the bloom
occurs at the exit of the deformation zone because the position is in the contact with the roll for
more time, which results in more heat loss. The maximum strain rate generally is produced in
the entry position of the deformation zone because the deformation occurs in this zone
suddenly. Large plastic deformations occur in the contact zone because the continuous
deformation and flow of metal occurs along rolling direction. It is observed from Fig.5.10 that
the maximum effective stress occurs under the roll at the contact zone. Temperature, strain and
train rate have major effect on stress distribution and the effect of strain is dominant the effect

of strain is dominant.

S, Mises |
{Avg: 75%) ‘

+5.780e+08

+5.316e+08

+4.852e+08

+4.387e+4+08

+3.923e+08

+3.459e4+08

+2.994e4+08

+2.530e+08

+2.066e+08

+1.601e+408

+1.137e+08

+6.726e+07

+2.083e+07

Max: +5.780e+08
Elem: BLOOM-1.15296
Node:

MI_HZ ' Step: Step-1
E : BLC Increment 2962; Step Time =  2.450

. Primary %ar: S, Mises
Node: 483 Deformed War: U Defarmation Scale Factor: +1,000e+00

Figure5. 10 : Distribution of effective stress in the deformation zone.
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Figure 5.10 show the contour plot of the effective stress, around the work piece during
the rolling process. It can be seen that the maximum value of effective stresses was 57800
MPa reached. Under hot rolling Plastic strain, von Mises stress, decreases due to higher roll
diameter while Contact pressure roller size increases more. The stress, strain & strain rate, the
temperature in the roll and the bloom, are developed throughout a steady-state analysis of the
process involved. During the duration in the rolling process, the plastic strain varies little over
time in the high plastic strain region during the steady-state (rolling) phase of the simulation.
Figure5.10 is the stress contour in the rolling direction of horizontal roller during the rolling
process, which shows that the highest stress is located in the contact area of the work piece and

roller during rolling.

5.6 Plastic strain and 3D Simulation Results

In order to better understand the deformation behavior in hot rolling of the strain development
and final equivalent plastic strain in different regions of the bloom are investigated. The hot
rolling sequence of the has been simulated to obtain the plastic strain across the cross-section
after the hot rolling process takes place. Strain describes the amount of deformation in a body. If
the stress in the work piece is below the yield stress of the material behaves elastically and the
stress in the work piece is proportional to the strain. When a body is deformed, points in that
body are displaced. Strain must be defined in such way that it excludes effects of rotation and
translation. The strains on an object depend on the final state of stress and flow or increments of
plastic strain are related to increments of plastic stress. Understanding plastic strain during hot
rolling process is important to control microstructure evolution, quality of the product of the
rolling process. In order to obtain the strain and stress distribution, simulations have been

performed utilizing the plane strain assumption.
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Figure5. 11: Schematically Representation of Equivalent plastic strain vs. Time

The final equivalent plastic strain values through the thickness of the bloom in different
direction of coordinates. However, 3D simulation results show that there is plastic strain
development in the bloom area. To explain this result, the plastic strain tensor histories in the
3D simulation directions of tensor components are presented. In 3D simulations, direction “1” is
X-direction, “2” is the y-direction and “3” is z-direction. Due to the increase of reduction, the
effective strain increases, the strain increases after the bloom moved between the rollers is
shown in figure 5.12, 5.13, 5.14 and plastic strain distribution in specific direction.

S, 511

(Avg: 75%) ‘
+2.683e+09
+2.091e+09
+1.500e+09
+9.085e+08
+3.172e+08
-2.741e+08
-8.654e+08
-1.457e+09
-2.048e+09 H
-2.639e+09 HEHH
-3.231e+09
-3.822e+09
-4.413e+09

Max: +2.683e+09 -
Elem: BLOOM-1.9440
Nods: 11372
o B J9k-2 odb
MI_n@—nr‘ﬁI% Step: Step-1
Elem: BLC 1ncrement  14337: Step Time = 3.150
Node: 113 Primary Var: §, 811

Figure5. 12: Plastic strain in x- direction with the maximum and minimum value of node
number and max and min strain value.
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Figure5. 13 : Plastic strain in y- direction, with the maximum and minimum value of node
number and max and min strain value.
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Figure5. 14 :Plastic strain in z- direction with the maximum and minimum value of node
number and max and min strain value.

The material is constrained in the z-direction, i.e. the material is not extended in the width
direction as in the length. Thematerial gets longer and not wider more. Plastic strain distribution
in specific direction and strain distribution was recorded and investigated. The maximum plastic
strain occurred at top and bottom areas and a minimum occur along the center horizontal axis.
Specific strain components of the strain tensor can be displayed for the three normal strains. In
the x-direction (Figure5.12), the maximum compressive plastic strain was at the bloom center,

while smallest plastic strain happened on the bloom sides, which were not contacted with the
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mills. Plastic strain in the y-direction (Figure5.13) was a mixture of tension at the bar center and
compression on the surfaces. During this rolling process, material at the central portion of the
bar moved towards the surface, while surface friction at the roll caused internal tension and
compression at the surface in y-direction. In the z-direction (Figure5.14), the steel bloom was
elongated parallel to the rolling direction, and plastic strain in z-direction varied in a small range
(2.402e8—(-4.166€9)).At the place where the bloom and roller contact each other the maximum
value of node constant 11372 and minimum value of node constant vary between 113-413.

The relationship between stress and strain of plastic process, and the relationship between their
increments were expressed by the constitutive equations based on incremental or known as
flow. It is evident that the deformation in the roll bite is inhomogeneous. The effective strain
increases from the entry to the roll bite at the exit.

Elastic deformation occurs in the initial portion of a stress-strain curve, where the stress-strain
relationship is initially linear. In this region, the stress is proportional to strain. Mechanical
behavior in this region stress-strain curve is defined by a basic physical property called the
modulus of elasticity (abbreviated as E). The modulus of elasticity is the slope of the stress-
strain line in this linear region, and it is a basic physical property of all materials. It essentially
represents the spring constant of a material. The modulus of elasticity is also called Hooke's
modulus or Young's modulus. Region where indicate that the linear relationship between stress
and strain begins to break down the proportional limit which is a transitional point to the plastic
deformation to happen or the stress-strain curve, linearity ceases, and small increase in stress
causes a proportionally larger increase in strain. If the force is reapplied, the trace of the stress
and strain points increases along the original line. However, if the deformation the work piece
has been stressed above the elastic limit (EL), plastic deformation will have occurred, and there
will be a permanent change in the stress-strain behavior of the deformed piece in subsequent
compressive load applied by roller. Then the curve reaches the proportional limit and later the
elastic limit. Plastic strain increment (flow) in any small time increment is proportional to the
instantaneous Stress.

Roller is considered to be rigid with no friction and work piece material is assumed to be
plastic, meshed with quadrilateral plane strain elements. Finite element simulation was also

performed to indicate that full recrystallization and no accumulation of residual stress and
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strain. The plastic strain distribution is the results from the accumulated strain simulation. The
plastic strain is larger at the bloom surface than at the bloom mid-thickness. For the no strain
accumulation condition, the plastic strain differences between the bloom surface and bloom
mid-thickness for each successive roll pass are comparable. The maximum plastic strains
determined for pass indicates that have a largest deformation and the plastic strain is almost
doubled compared to the other rolling passes. During the simulation of the hot rolling process,
which involves large deformation, some elements soon become much distorted and are not
appropriate for further computation. It is very often necessary to regenerate the mesh several
times in order to complete the simulation. For very complicated industrial parts, tetrahedral
elements seem more convenient for automatic meshing and remeshing. Flow stress functions
may be divided into a number of groups differing type and taking into account the parameters
describing initial conditions and the development of the material from the initial state. The

displacements, strains and stresses in a deformable body are interlinked.
5.7 Effects of Speed

Rolling speed is an important parameter for hot rolling, since this factor directly controls the
strain rate, flow stress, heat of deformation and heat transfer coefficient. Depending upon the
speed of the roller the strain of the rolled materials will be modifying. Here in result, the flow
stress of bloom with respect to high rolling speed. Rolling speed is an easily variable parameter
it has great effect on heat transfer, flow stress, roll force, meshing etc. Because of less contact
time and high heat developed by the higher relative velocity. The speed increases, temperature
of the mild steel bloom also increases. The temperature increases after the work piece moved
between rollers at various speed. Rolling speed directly controls the parameters such as the
Strain rate, flow stress, heat of deformation and interface heat transfer. Hence the rolling speed
is one of the most important parameter that influencing the hot rolling. Increasing the rolling
speed, the work piece roller contact time is shortened, yielding to a decreased amount of heat
flux transferred to the roller surface; the occurrence of which results in a higher surface
temperature. An increase in the value of rolling speed parameter leads to an increase in the
bloom temperature and consequently decreasing the flow stress of the material which is resulted

that the material becomes, the lower rolling load and lower power are required. Increasing the
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roller angular velocity has reduced the required load for rolling of the steel bloom to a similar
reduction during the hot rolling because lower power required. Decreasing the rolling speed, the
work piece-to-roller contact time increases, and as a result, the heat flux transferred to the roller
material is increased, causing the surface temperature of rolled materials under lower rolling
speeds to become lower. By increased speed the temperature of the rolling increase, affects the

flow stress which resulted by decreased the effective strain.
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Figure5. 15 :The velocity of the rolls equals the velocity of the work piece (definition of neutral
plane).

Figure 5.15 clearly shows how the plane in which the velocity of the rolls equals the velocity of
the work piece (definition of neutral plane) actually has a shape against the belief in the
classical rolling theory that plane sections remained plane. The numerical results for the
interest, namely, equivalent Mises stress, maximum strain rate, temperature increase, bloom
length increase, bloom width increase (spread), % reduction achieved after rolling, and bloom
velocity increase, and the main conclusions obtained from the above figures 43 corresponding
to the 3D hot rolling. Figure 43 shows that increasing the rolling speed cause the point having
the maximum stress to get closer to the maximum strain rate point. Increasing the rolling speed
causes the bloom and the roller to be in contact for less time. As a result, it decreases the heat
flow from the bloom to the roller. In addition, if the rolling speed increases, the strain rate will
increase as well. Because of increase in the strain rate, the internal heat generation rate
enhances. By paying attention to Figure 5.15 and the preceding remarks, it can be concluded

that the effect of the strain rate is predominant in this case.
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Figure5. 16 : Rolling speed of bloom can have in the x- direction of plane axis (x=V1).
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Figure5. 17 :Rolling speed of bloom can have in the y- direction of plane axis (y=V2).
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Figure5. 18 : Rolling speed of bloom can have in the z- direction of plane axis (z=V3).

The exit speed of stock is greater than the peripheral speed of rolls. Since on the entry side the
stock passes through with a speed less than the horizontal component of the peripheral speed of
rolls, there must be a place in the roll gap at which this horizontal component of peripheral
speed is equal to the speed of rolled stock and This place is called the neutral line or plane, 6
denotes the neutral angle, i.e. the angle determining the position of the neutral line relative to
roll axis. Results from rolling speed simulations in ABAQUS indicate rolling speed causes few
changes in the response. As rolling speed is increased the stress distribution remains the same.
These simulations using ABAQUS show the aforementioned parameters have different effects
on rolling processes. In general, the steel bloom has higher stress and mild steel is suitable for
rolling because it elongates significantly and the equivalent plastic strain has inverse relation

with roller speed, whereas roller speed increases the equivalent plastic strain decreases.
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CHAPTER 6
Conclusion and Recommendations

6.1. Conclusions

The main goal of this work is the need the mechanisms that govern the hot rolling process
which are not properly understood still, and there exists a need to provide comprehensive way
that allow them to predict the influence of different parameters that applied or involved in the
rolling process and reducing the number of trials in the rolling, and increasing the confidence in
the manufacturing process and the quality of the final product. This models developed by
concerned all of the non-linearities present in the rolling problem: material, geometric,
boundary, and heat transfer, and used a coupled thermal-mechanical analysis method to take
into account the coupling between the mechanical and thermal phenomena resulting from the
pressure-dependent thermal contact resistance between the work piece and the work- rolls. The
goal of this work was to develop finite element model of the hot flat rolling processes that can
be used to analyze the rolling process under a series of changing parameters. Through our
analysis, we were able to demonstrate the goals of this thesis: That the steel in hot rolling can be
modeled using the rigid-plastic material model with the flow stress as a function of the strain,
stress, temperature, using also the von Mises yield surface and as well as other parameters of
interest, on the work piece can be predicted, as we measured them through the simulations. The
heat transfer from the work piece to the rolls can be analysis by incorporating all the thermal
boundary condition properties of the rolls and the bloom into finite element model to take into
account conduction, convection, radiation, and plastic work heat generation. The finite element
method can be used to predict material flow, plastic material model to simulate the flow stress
of steel at rolling temperatures. The finite element approach to solving the problem, which was
done by translating the engineering science and mechanics issues of the problem into two initial
boundary value problems (mechanical and thermal) which were solved using a variational
approach that led to the finite element discretization equations that were implemented into the
finite element formulation. The final solution will be determined by the simultaneous solutions
of two initial boundary value problem of mechanical and the thermal problems due to the
strong coupling between them. In order to do this, we took advantage of the solid & flow
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formulations for the mechanical problem, and also from the FEM formulations for the heat
transfer and the coupling and formulations were used to calculate the temperature distribution as
well as the velocity, strain and stress fields in the deformation zone during the rolling and the
models have been showing that computed distributions of the equivalent stress, strain, etc, are
accurate valid. Consequently, the finite element models developed have allowed us to obtain a
greater understanding all the issues involved with non linear finite element modeling applied to
rolling, namely, the modeling of the material, the types of plastic models used, yield surfaces,
the types of finite element method elements needed to model the problem in, the setup of the
contact parameters within the software in order to achieve convergence. As it is observed there
is a complex interconnection between stress- strain that predicted easily in the rolling of bloom
mild steel and the models have been developed which are able to solve, non linear, dynamic,
steady state, transient, isothermal as well as non isothermal problems to analysis the simulation
(the description and reproduction of physical and technical processes by use of mathematical
and physical models) that carried out by a coupled thermo-mechanical FE method using
commercial FE software package ABAQUS. The capability of obtaining detailed solutions of
the mechanics of plastic deformation of a metal, namely, to determine strains-stresses
relationship, temperatures, velocities, by using FE method. In general the present the major
innovation of this work is modeling horizontal hot rolling by utilizing a coupled thermo-
mechanical 3D FEM and FEA of the rolling process and determine strains-stresses relationship,
temperatures, and velocities as a whole, i.e. from the entry to the exit of the horizontal rolling
single pair roller stands. In this work the model of the bloom and roller using FE approach for
the coupling of thermal & mechanical behavior of the bloom in the rolling was developed. The
study was performed on the effect of different rolling parameters on the deformation behavior
of bloom with emphasis on the thermo-mechanical stresses developed within the work piece
during the operation. Simplified governing equations for bloom rolling analysis are derived
from the hot flat rolling process description, and then a simulation study of the rolling process is
presented. A flat hot rolling analysis was completed, then plane-strain rolling of bloom
structures. The plane strain study of flat rolling provides a clear understanding how the selected
parameters affect each other and the deformation process. The significance of this work can be

stated that both mechanical and thermal loadings during the hot rolling operations, both are
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remarkable phenomena influencing the deformation behavior of the rolling process especially in
metal forming process. The rolling speed acts as a more influential parameter on the thermo-
mechanical behavior of the rolling means that by increasing the value of rolling speed for a
constant initial temperature, the developed thermal stress within the bloom increases, while
mechanical stresses are reduced. In this study the detail examination on the values of coupled
thermo-mechanical stresses developed within the work piece revealed that the effect of both
mechanical and thermal loads should be taken into consideration, in case a more accurate
prediction of the effect of different parameters that applied during the rolling operation and roll
material selection are to be conducted in the rolling operations. The thermo-mechanical part of
the modeling is based on a coupled FEM solution of the rigid-plastic-flow formulation and
general heat-transfer equation describing the temperature field in the deformation zone. The
ASTM A36 mild steel (bloom) behavior is modeled using a rigid-plastic flow formulation based
on the von Mises model to be rigid, and thermo-mechanical boundary conditions are
implemented in the model. The followings are concluded from the thermo-mechanical coupled
process and finite element analyses of hot rolling by using FE models which provide variable
and parameters effect values depending on the above analysis can be summarized as follows:-
The significance of the present work can be stated to be the investigation of both mechanical
and thermal loadings during the hot rolling operations, as these both are remarkable phenomena
influencing the deformation behavior of the rolling mills in this particular metal forming
process. The desired final mechanical and geometrical properties of the rolled stock rolling
schedule dependent on the amount of reduction, the rolling velocity, the temperature and the
quality of final product is highly dependent on the thermo-mechanical deformation and flow
stress behavior during hot rolling. The rolling process is simulated by using the finite element
method with relatively short computing time, simulation conducted by the complete 3D finite
element method.

e Model of the bloom and roller using finite element approach for the contacting leads
realized that the combination of thermal & mechanical behavior of the roll and bloom in
the hot rolling.

e Simulation of metal forming processes involves deformation analysis and FEM for a

consistent analysis of thermo- mechanical deformation model has been used to
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represent the flow type behavior of metals at elevated temperatures and integration of
the rate constitutive equations is carried or involved.

e Analysis the bloom mild steel using finite element method has been conducted using
ABAQUS and the results has been obtained that from the stress-strain graph it is
understood that the bloom mild steel follows the Hooke’s Law i.e., stress is directly
proportional to strain.

e The use of FEM software to simulate a hot rolling allowed determining the distribution
of effective stress, effective plastic strain, and rolling cross-section area of the bloom at
roll pass.

e The use of FEM software to simulate hot rolling allowed determining the distribution of
stress, effective plastic strain, of the bloom during rolling pass.

e The FEA model the values compared with the experimental result found to be good
agreement with experimental value and the stress contour in the compressive direction
of horizontal rolling process, which shows that the highest stress is located in the contact
area of bloom and roller during rolling.

e Finite Element Method simulations are increasingly adopted to make this process more
efficient and to test potential rolling sequences, achieving good accuracy during
simulation times, limiting the practical use of the approach.

e In this work we supervised learning approach to predict the deformation of a given
work piece by a set of rolls with a given geometry; the model is trained on a large
dataset of procedurally-generated FEM simulations.

e When the rollers are rotating at a constant angular velocity, the bloom is moved between
the roller and it is subjected to high compressive stress as a result of deformation. It was
shown that the rolling speed and temperature acts as a more influential parameter on the
thermo-mechanical behavior of the hot rolling. The results indicated that by increasing
the value of this parameter the developed thermal stress within the roll material

increases, while mechanical stresses are reduced.
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6.2. Suggestions for Further Study

Even though the hot rolling is applied more for large deformation thickness reduction, but still
number of variations are possible that are needed to be corrected. A coupled thermo-mechanical
could be used by other forms of complex manufacturing, by utilizing a systematic method by
which work pieces can be manufactured economically and competitively from raw material
(initial stages), through to the desired shape or finishing stages. The direction of future trends
has been indicated in this thesis (work). The need for further effort in research and development
of coupled thermo-mechanical process hot roll is obvious. The following can be done to further
improve coupled thermo-mechanical process. Only the basic principles of the coupled thermo-
mechanical process approach have been discussed at this stage. Full hot rolling includes
thermal-mechanical elements and so on. So, more sections need to be added to the matrix to
encompass these aspects. This should be addressed in further research. Training is a prominent
concern linked with successful coupled thermo-mechanical process hot rolling. Improvements
can be made by standardizing the databases used, facilitating more effective communication. In
addition the approach should be more users friendly. TMP is the sophisticated combination of
well defined deformation operations and well defined heat treatment in a single production
stage requires the integration of coupled TMP skills as well as the integration of computer skills
and related technology. In the long run, effective use of ABAQUS software will allow coupled
thermo-mechanical hot rolling process to be both more marketable and attractive visually. A full
thermo-mechanical analysis is necessary to model the material flow, stress and temperature
correctly throughout the whole process that resulting finite element models take into account the
flow stress of the rolling bloom at the initial rolling temperature of operation. Since under
metal-forming operation especially during the hot rolling process, a large amount of the
mechanical work is converted into heat through large plastic deformations and through friction
forces between the interface area work piece and roller because heat generated needs significant
consideration due to heat transfer takes place from the work piece to surroundings or to the
roller in hot rolling and the distribution of temperature in the material is changed due to
generation of heat that arises from plastic deformation, because most materials have flow
stresses that are temperature ,strain and strain rate dependence to solve the problem combined

the deformation model of thermo-mechanical analysis (deformation and heat analysis)
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iteratively until both solutions converge to obtain a more realistic simulation of the metal-
forming process. Another extension of the study can be about the material of the bloom. The
deformation features of the bloom can be analyzed with different materials having different
yield stresses. By this way, effect of yield stress on the plastic deformation of the bloom can be
examined. In the metal industry, the hot rolling operation is often carried out in different high
stand passes. The simulation of multi-pass bloom rolling would yield more realistic results.
This could be done by two methods. One method would be to a setup, in which the bloom
would pass through two high stand rollers. A second method would be setting the initial
conditions of the work piece equal to that in the final rolling work piece in the first operation. In
ABAQUS, the process would require adding another roller to the setup. The initial condition
parameter could be used to input a state of residual stresses into the bloom. The thermo-
mechanical FE code is applied for the hot rolling process and simulation process starting with
an analysis of rolling of the result. If the rolling proceeds too fast, the temperature and strain

rate can locally reach the limit where the load-carrying capacity of the work piece is exceeded.
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Appendix A: Important Aspects of the Finite Element Model and the table below

provides some details regarding the finite elements models used in this work.

Mesh Domain

Two types of solution techniques are used in solving this problem. The first
kind of formulation involves traditional pure Lagrangian formulation where
the mesh is constrained to the material. The second kind of formulation
combines features of both pure Eulerian formulation (in which the mesh is
fixed spatially and the material flows through the mesh) and pure Lagrangian
formulation. In this case Adaptive meshing is used and is referred to as the
Arbitrary Lagrangian-Eulerian (ALE) formulation. This approach often
eliminates excessive mesh distortions that are associated with a Lagrangian
analysis involving large deformation. Using this approach, the inlet of the
stock was defined with Eulerian constraints in order to permit material flow;
the mesh on this face was spatially constrained in all directions. The material
on the radial surface of the stock was constrained to the mesh in the direction
normal to the free surface but was permitted to flow relative to the mesh in

the tangential direction.

Time
Dependence

In this work the problem is considered as transient.

Time
Integration

Explicit, Dynamics, Adiabatic method is used in this work. In this method a
large number of time steps is used with very small increments.

This method is suitable for high-speed dynamic events like our case where
stress wave propagation requires the increment to of very small size to
capture wave propagation. Implicit methods can be very costly in this type of

problems especially in the case of three-dimensional formulation.

Dimensionality

A full three-dimensional finite element model is considered in this work.
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Mass Scaling

Mass scaling is often used to increase the stable time increment of an non-
linear analysis by reducing the effects of mass matrix in the solution but it
also contributes to the inaccuracies in the solution especially in the
parameters that depends on inertia. The author has carried out a study on the
effect of mass scaling on the finite element solution and found the result to

be unsatisfactory. In this work we do not use mass scaling.

Adaptive
Meshing

Adaptive meshing is often used to control excessive mesh distortion, which
often occurs in non-linear problems. In adaptive mass scaling after a certain
number of time steps the entire geometry of the body is remeshed. We this

method for the ALE formulation only.

Hourglass

One disadvantage of using reduced integration procedure is that it can admit
deformation modes, which cause no straining at the integration points. These
zero energy modes make the element rank deficient and cause a phenomenon
called hour glassing where, the zero energy modes starts propagating through
the mesh leading to inaccurate solutions. This problem is particularly severe
in hexahedral elements. To counter this small artificial stiffness is attached
with the zero energy and is associated with the zero energy deformation
modes. This

procedure is called hourglass control. In this work, we select the hourglass
control as "Stiffness™ was used.

Element Type

Three-dimensional, Deformable, Reduced Integration, Linear Hexahedral
(Brick) element (C3D8R) is used in this work. There are two advantages of
using Reduced integration elements. First, stresses and strains are calculated
in the so-called Barlow Points providing optimal accuracy. Second, the

computational time is less due to reduced number of integration points.

Material Stock material is assumed as homogeneous and isotropic material with no
porosities.

Rate The stock material is assumed to be strain rate dependent.

Dependence

Plasticity Law

Three main plasticity laws are used in this work. They are Shida [E.2],
Modified Shida [E.3] and Lee [E.4].
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Hardening Isotropic
Rate
%Plastic In an adiabatic analysis a portion of the energy of plastic deformation

Deformation
Energy
Converted to
Heat

converts into heat. In this work we consider this ratio to be 0.90.

Initial Two initial conditions are mainly used in this work. They are 1) Initial velocity of the stock

Conditions i.e. the velocity of the stock when it enters the first stand and 2) Initial temperature of the
stock i.e. the temperature of the stock when it enters the first stand.

Material ASTM A36/Mild steel

Finite Element

Characterization

The rolls are considered as analytic rigid surface in this work

Boundary Angular velocity of rolls are used as the boundary conditions for this work
Conditions

Contact Contact between roll and stock is defined as a contact pair that consists of penalty contact
Condition enforcement method, balanced contact surface weighting and finite sliding formulation is

used.

Friction Model

Coulomb friction model is used for this work with p=0.3

Heat Transfer
Effects

Heat transfer effects are not considered

Material

Stand is considered as a rigid pin support
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