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“Engineering is not only study of 45 subjects but it is moral studies of intellectual life.”
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ABSTRACT

The goal of this project is to carry out a simulation of sheet metal rolling manufacturing process.
This is a very common process in the aeronautical industry, performed to obtain sheet metal plates for the
subsequent manufacture of elements used in aeronautical structures such as aluminum supports or
stiffeners.

Sheet metal rolling is a metal forming process where the plate is deformed by a roller to obtain the
desired thickness. However, during the process there is friction between the roller and the plate that
generates heat, producing an increase in temperature both in the roller and in the plate. Therefore, it is
necessary to carry out a mechanical and thermal analysis of the physical phenomena that occur during the
process.

Throughout this project physical factors occurred during the process are detailed, as well as the
equations that describe the process and the numerical model used to solve the problem.
In this project, a parametric analysis is carried out to study the behavior of the process at different speeds.
Due to the high non-linearity of the problem and the importance of studying the thermal behavior, a
dynamic-explicit finite element numerical model with thermal coupling is carried out using the SIMULIA
Abaqus Explicit software.
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RESUMEN

El objetivo principal de este proyecto es realizar una simulacién del proceso de fabricaciéon de
laminado de chapa. Se trata de un proceso muy habitual en la industria aeronautica, por el cual se obtiene
laminas de metal de un espesor deseado para la posterior fabricacién de elementos utilizados en estructuras
aeronduticas como soportes o rigidizadores de aluminio.

Durante el proceso, ademas de producirse una deformacion en el grosor de la placa de metal, se
produce un rozamiento entre el rodillo y la placa que genera calor, produciéndose un aumento de
temperatura tanto en el rodillo como en la chapa. Por lo tanto, es necesario realizar un andlisis mecanico y
térmico de los fendmenos fisicos que ocurren durante el laminado. A lo largo de este proyecto se detallan
estos factores fisicos, asi como las ecuaciones que describen el proceso y el modelo numérico utilizado para
resolver el problema.

En este proyecto se realiza un analisis paramétrico para estudiar el comportamiento del proceso a
distintas velocidades lineales de placa y de rotaciéon del rodillo. Debido a la alta no linealidad del problema
y la importancia de estudiar el comportamiento térmico, se realiza un modelo numérico de elementos
finitos dindmico-explicito con acoplamiento térmico mediante el software SIMULIA Abaqus Explicit.

Palabras clave:
Laminacion
Rodillo
Placa
Acoplamiento térmico
Abaqus
FEM
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Chapter 1. OBJECTIVES AND MOTIVATION

1.1 Objective

The objective of this project is to simulate metal rolling processes using a finite element scheme.
Also deepening into the physics behind the problem and parametrizing the properties of the workpiece and
the tooling in order to extract conclusions from the results obtained from the finite element solution.

In the rolling process, a metal ingot is passed between one or more pairs of rollers in order to reduce
thickness. This process is mainly focused on the cross-section of the metal ingot to be pressed which aid the
reduction of the workpiece thickness. Rolling processes increases the length and decreases the thickness
while the width of the material remains almost constant.

Figure 1. Conceptual scheme of Rolling manufacturing process [1]

This project can be considered as a continuation of my final degree project, where a sheet metal
bending process was simulated using a finite element scheme. The process studied during this master's
thesis is, in fact, the preceding process to the one studied in my final degree project. Rolling metal process
consists on obtaining a metal plate with the required thickness for later, by means of sheet metal bending
processes, get elements like L, U and V-shaped profiles (as shown in the figure below), which can be used
as supports, stiffeners or fittings. In the aeronautical industry, these pieces can be shown for example in
typical frame to skin joints, structural elements of aircraft.

The development of metallurgical processes has resulted in the improvement and refinement of
manufacturing technologies. New methods and designs are constantly being tested in an effort to produce
more efficient, cost-effective products. Nowadays, manufacturing techniques are being explored to produce
complex metal components with optimal mechanical properties and minimal waste. However, the design
freedom offered by these techniques comes at the cost of added complexity in the simulation process. The
importance of developing reliable simulation methods for these processes cannot be overstated. This is
especially relevant when applied to aerospace industry, where any failure could be extraordinarily
catastrophic and costly.

In this project, a method for simulating metal rolling processes is developed using an finite element
analysis software package. Simulia Abaqus provides the ability of representing in an accurate way metal
forming processes where a the heat generation is relevant. An Explicit FEM provides a more accurate
representation of high temperature processes than previous methods based on the Generalized Lagrangian-
Eulerian approach used in implicit finite element methods.

Throughout this project, simulations of FEM numerical models will be carried out using Dassault
SIMULIA Abaqus FEA software, explaining the physics behind this manufacturing process, obtaining
parameters that determine the set up of the Rolling mills, and analysing how results obtained can be
extrapolated to a real model. Many experimental approaches have been nowadays replaced by FEM analysis
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due to the complexity of the process. In this case, plastic deformation, friction or thermo-mechanical
coupling among other physical phenomena need to be studied [2]. The development of realistic
mathematical models for production processes also encourages the improvement of these manufacturing
processes, since they are helpful for understanding the physics behind them. This optimization of processes
implies an improvement in efficiency and effectiveness, which is reflected into economic savings and an
step forward in the quality of the final product.

For this case study, an explicit coupled thermal-displacement model is used, since during this
process the temperature plays a relevant role in how the material deforms. During rolling, there is a
generation of heat due to the friction of the roller with the plate and due to its deformation. Models with
one roller and with two rollers will be carried out to study a process with more than one rolling phase.
Different models will be created, varying the friction and the initial temperature of the plate, with the aim
of studying how these parameters affect the necessary force that the rollers must exert for a given
deformation.

During this project, a parametric study of different process conditions is performed and results are
discussed and compared. In addition, some possible applications of this method are discussed along with
suggestions for further development and testing.

12
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1.2 Motivation

The motivation of this project lies on the necessity of developing manufacturing processes for metal
parts for the aeronautical sector in a period of increasing use of composite materials in the aeronautical
industry. Metal is widely used for the construction of airplane parts, wings, fuselage or tail sections. The
most commmon materials used in the construction of airplanes are still aluminum, titanium, and stainless
steel. Aluminum is the most popular due to its light weight and its high resistance to corrosion.

Today, manufacturers' requirements have increasing standards of precision and optimization, as
tighter engineering tolerances are imposed, resulting in higher costs that can only be dampened by
improved tools and production processes. For this purpose, it is necessary to create patterns or
methodologies that make it possible to have this precision with the greatest possible speed and energy and
material cost. It is important that the type of manufacturing engineering conforms to the requirements
specified in the offer, so that in case of a part with new specifications is requested from the design office, it
is not necessary to go through an experimental phase to manufacture the piece precisely.

Together with this, the ease of manufacturing is a point to take into account when selecting the
material for each component of an aircraft, since this usually implies reducing manufacturing time, which
translates into economic savings.

Rolling is commonly used in aerospace industry, and these manufacturing methods require
machinery and calibrated processes to obtain desired thicknesses on workpieces. This calibration was
initially done using test pieces, which entailed a certain expense of time, personnel, material, energy and,
therefore, money. Nowadays, all these tests are carried out using software capable of parameterizing all
possible variables, through iterative processes that help to optimize manufacturing processes faster and
cheaper.

Currently, through the use of software tools, the most important factors involved in these processes
can me parametrized, to carry out experimental simulations that replace a large number of laboratory tests.
In this project, the aim is to simulate metal rolling processes using a calibrated model, that can be very useful
to set up the manufacturing process and predict its behaviour.

1.2.1 Use of metal in the aerospace industry

The use of composite materials offers advantages such as weight reduction and improved
mechanical properties. However, it has some disadvantages among which its high cost stands out, in
addition to involving higher recurring and non-recurring costs. In addition, impact damage is not as easy to
be detected in visual checks as it is in metals, together with the more time-consuming, higher complexity
and cost required for this materials to be repaired. Moreover, these materials need to be isolated to be
integrated into structures where the pieces are adjacent to aluminum pieces in order to avoid galvanic
corrosion.

Figure 2. Metallic fuselage on commercial aircraft [3]
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Since the Wright brothers first flew their Flyer in 1903, metal parts have been an integral part of
aircraft. For many years, aluminum was considered to be the optimum material for aircraft construction. It
was lighter than other metals and had excellent mechanical properties and electrical conductivity. However,
aluminium does not perform very well in the presence of chemicals or high temperatures, and it can easily
be damaged by strong impact forces. In recent years, there have been great advances in the science of
metallurgy, and materials scientists are now able to develop much stronger alloys than those that were
possible in the past.

First passenger aircraft like Boeing 707 only contained 2% composite materials in its structure,
which were different types of fiberglass. The composition of the Boeing 707 contrasts with the one of the
787, with 80% of composite in volume and 50% of composite in weight. In this aircraft, aluminum takes
20% of the weight, titanium 15% and steel 10% [4]. An example of the use of a structure with moderate use
of composites is the Airbus A380, which was manufactured with 25% of the structural weight in composites

[5].

I Aluminum alloy
I Steel

I Titanium alloy
80 I Composites
I Others

7D+

60 -

Total materials used (wit%)

Boeing 747  Boeing 757 Boeing 767 Boeing 777 Boeing 787

Figure 3. Materials used in Boeing aircraft [6]

The typical characteristics of metals to be used for aircraft components are those having good
mechanical properties such as high strength, ductility, and toughness. They also provide some degree of
protection against electromagnetic interference, which is a major problem for electrical components on
aircraft. Mechanical properties are those which describe the ability of a material to withstand physical
deformation without breaking or being permanently damaged. A metal’s mechanical properties are mainly
determined by factors such as the amount of carbon present in its structure, the nature of its shape and the
size and/or composition of the grains present within its structure. In addition, the manner in which the
metal has been processed may also have an effect on its mechanical properties.

Common materials used to form these parts include aluminum alloys which are strong and
lightweight materials with high strength-to-weight ratios that. Alloys are created combining one or more
metals together through a chemical process. The most common elements in aluminum alloys are
magnesium, copper, zinc, silicon, and tin. Mechanical properties of aluminum alloys vary with the
composition of the alloy and can be altered to achieve different properties as required for specific
applications. These properties are important in determining the type of application in which the metal will
be used as well as the physical properties exhibited by the final product after it has been manufactured.

Between the most used aluminum alloys are the aluminum-copper (2XXX series) and aluminum-
zinc (7XXX series) alloys. Therefore, it is important to keep developing efficient manufacturing processes
for metallic components [7].
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1.2.2 Metal components in aircraft structures

Aircraft metallic structure components are critically important in order to maintain the integrity of
the aircraft and its passengers. The metal parts that make up an aircraft are designed to withstand the stress
and strain caused by aerodynamic forces and gravity. For example, the wings of a plane must be strong
enough to resist the forces of lift and drag, while the fuselage of the plane must be strong enough to
withstand the pressure of the air traveling at high speeds around the body of the plane at high altitudes.
Airplanes also rely on a strong fuselage to keep stability during flight.

Metal rolling is used to produce structural shapes, plates or sheets, and bars or rods. Either finished
or semi-finished products can be produced, which serve as a starting point for other processes. Components
of an aircraft made of sheet metal and therefore produced using metal rolling include the following:

1.2.2.1 Fuselage

Airframe materials are designed to provide long-term (60000 flight hours) support for both the
static weight of aircraft and additional load subjected from service. This conceptrequires airframe materials
to possess acceptable densities for the weight reduction and appropriate mechanical properties for the
intended use. It also requires materials to provide suitable damage tolerance for the purpose of long-term
use in extreme temperature conditions (-30-3702C), moisture (both extreme humidity and desert
environment), and ultra-violet radiation [6]. The skins of most commercial airliners are made from
aluminum because of its low corrosion potential and good resistance to heat.

The conventional structure of the fuselage is the shown in the image below. Moreover, these
lamination processes is used to manufacture structural profiles. The main application on aircraft industry
is the frames of the fuselage. These frames are supporting all pressure loads from the cabin, and transmit
the shear loads from the fuselage skin.

Figure 4. Conventional fuselage structure - De Havilland Canada - Dash 7 [8]

1.2.2.2 Wings, horizontal and vertical stabilizers

The skins of the aircraft carry out an important structural role. When the aircraft flies, the wings
are deflecting air downwards, and as stated in Newton’s third law, the action-reaction principle occurs
generating a force upwards better known as lift that sustain the aircraft flight. These forces are transmitted
to the air through the aircraft structure ultimately by means of the wing skin. Moreover, the ribs and spars
of the wings are usually sheet metal beams. Wing spars run the length of the wings and attach the wings to
the rest of the airplane’s structure.
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Figure 5. Wing skin panels [9]

-

g e

Figure 6. Aircraft ribs [10]

1.2.2.3 Control surfaces
Flaps and control surfaces are usualliy made of sheet metal skins.

Figure 7. Flaps and slats of A320 aircraft [11]

1.2.2.4 Structural supports and brackets

In the same way as metal rolling is part of the process of these engine fittings, it is used for other
structural components such us supports, stiffeners and brackets. Supports hold up other structures in an
aircraft, such as the main wings or the tail fins. Stiffeners are elements that add stiffness and strength to
other parts of the aircraft, such as the frame of a fuselage or the landing gear of an airplane. In the figure
below, sheet metal brackets manufactured by Godrej Aerospace are shown. These are titanium, inconel,
steel or aluminum brackets used for aircraft structure. These parts are manufactured from sheet metal,
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which is cut with laser, it is bended with a press brake, finally are provided with heat and chemical processes
and welded to get the final product:

Figure 8. Sheet metal brackets [12]

The performance of these structural elements directly affects safety and airworthiness of aircraft.
In addition, the optimization of these elements has a great impact on the performance of the aircraft itself,
since reducing the weight and efficiency of each of these parts can be translated to fuel consumption savings.

1.2.3 Use of FEM to simulate metal forming processes

In the manufacturing industries, the design and analysis of metal forming processes are among the
most challenging tasks faced by engineers today. This is because these processes involve highly complex
interactions between different physical phenomena and they require extensive experimental validation
before they can be implemented in actual production systems. In addition, machinery is extremely
susceptible to mechanical degradation and mechanical failure. In order to overcome these challenges and
ensure their safe and reliable operation, it is essential for the manufacturers to have access to fast and
reliable simulation methods that are capable of accurately predicting the behavior of these systems under
a wide range of operating conditions.

However, in most cases, the complexity of the processes involved makes the development of such
methods a very difficult and time-consuming task. This is especially true when the process in question
involves complex deformation mechanisms such as thermo-mechanical coupling or thermal softening. In
such cases, it is often necessary to resort to relatively complicated numerical methods and long computation
times in order to obtain reliable results. Despite these limitations, however, simulation methods are
indispensable because they can be used to optimize the design of new processes and isolate and eliminate
sources of error before real production systems are deployed. As a result, there is a trend towards the
increased use of simulation techniques in the design and optimization of metal forming processes in order
to improve the overall quality and efficiency of these products and reduce the costs associated with their
manufacture.

Metal rolling is an industrial process that involves plastic deformation and heat generation. This
makes it especially challenging to design and implement an effective control strategy to minimize scrap
losses and also reduce energy consumption. In order to fully represent these processes, heat generation has
to be taken into account as well as mechanical behaviour. In response to this need, this project uses a
Dynamic Explicit Coupled Temperature-Displacement Method to address metal rolling production process
simulation by means of Dassault Simulia Abaqus/explicit solver.
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1.3 Structure of the project

1.3.1 Chapter 2

In this chapter it will be detailed the rolling process which are applicable to the aerospace industry.
It is described the physical behaviour of the manufacturing process analyzed in this project, breaking down
the possible types of rolling. A theoretical approach of the main parameters calculation is made for later
comparison with the numerical results. The machinery and tooling required for rolling and the steps to
carry out these processes are also explained along the chapter.

1.3.2 Chapter 3

The numerical model is analyzed in this chapter, explaining how an explicit scheme of FEM works.
This chapter details what calculations the software performs for the solver configuration that will be used
in this project. It is detailed how displacements and the temperature fields are calculated.

1.3.3 Chapter 4

In this chapter the characteristics of the models to be simulated are established. The geometry of
each of the elements is described, in this case, the plate and the roller. The material used is also defined, as
well as its main properties and its stress strain curve. In addition, the assumptions, the boundary conditions
of the model, the meshing and the loads are configured. The set up of the solver is also specified in this
chapter, indicating the main features of the time steps used.

1.3.4 Chapter 5

In this chapter a study of the results obtained is performed. First, a mesh convergence study is
carried out to determine the optimum mesh thickness for the models. A parametric study to analysis the
behaviour of the process at different velocities is made running models for different linear plate velocity
and different roller rotation velocity. The precision and reliability of the results obtained are also discussed.
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Chapter 2. INTRODUCTION TO METAL
ROLLING MANUFACTURING PROCESSES

2.1 Introduction

Rolling is a process of resizing a piece of metal. Obtaining a sheet of the desired thickness starting
from a thicker sheet. This process is carried out using pairs of rollers that rotate in the opposite direction,
through which the piece is passed to which compression forces are applied in order to reduce its transverse
thickness. This process can be carried out hot or cold. In either case, it is important to perform a thermal
analysis of the process. Each rolling process is defined by a target thickness and torque and force values
that the roller must exert on the part to obtain said thickness.

This process can be carried out continuously, where the piece passes through several rolling stands
in one direction, or discontinuously, when the piece goes back to make more than one pass through the
different rolling stands of the line. This project will focus on explaining what happens in one of these passes,
independently of the rest of the product manufacturing process.

Normal force
]

Roller
Elongated

crystals

Friction

plate and roller

Contact angle

Figure 9. behavior of the plate’s crystals during rolling [13]

The thickness reduction depends on the friction force of the roller with the part. The greater the
friction force, the greater the thickness reduction that can be achieved, there being a thickness reduction
limit for a given friction value.

Metal rolling is combined with other processes to produce parts. Metalworking is the process of
working metal to obtain an product with predetermined shape and physical properties. Typically,
metalworking involves the removal of unwanted material from a piece of metal to obtain the required shape
and dimensions. Some of the following metalworking methods are used independently or combined after
metal rolling to finish the desired part production:
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e  Stretch forming is a method of shaping metal parts that where a strip of metal is wrapped around a tool
called a die to form the shape of the die. As the strip is wrapped tightly around the die, it stretches until
the part achieves the desired shape. This process is typically followed by heat treatment to ensure that
the surface of the part is properly hardened.

e Stamping operations are used to manufacture parts made of ferrous and nonferrous metals, as well as
parts made from plastics and composite materials. Stamping operations are classified into two main
categories based on their application: primary and secondary stamping operations. Primary stamping
operations are used to fabricate basic shapes such as rectangles, circles, and squares from a sheet of
metal. In contrast, secondary stamping operations are used to develop and refine the basic shapes
created by the primary stamping operations. Secondary stamping operations include flanging, coining,
piercing, embossing, blanking, punching, and other processes thatallow manufacturers to further refine
the shapes of formed parts by creating features such as holes, indentations, ridges, etc.

e Other metalworking processes typically used include cutting, drilling, milling, turning, bending,
riveting, screwing, hammering, swaging, filing, grinding, boring, drawing and sawing. Some of these
processes involves the removal of unwanted material from a piece of metal to obtain the required shape
and dimensions.

2.2 Types of rolling according to the process temperature

The rolling process is classified according to whether it is done cold or hot. In cold, it is carried out
at a temperature below the recrystallization temperature of the metal, while in hot it is carried out at a
temperature above the aforementioned recrystallization temperature.

2.2.1 Hotrolling

As stated, the working principle of rolling is to apply pressure to a metal sheet or slab in order to
deform it into the desired shape. Hot rolling is one of the most common types of rolling used for steel and
aluminum parts production. In hot rolling, the metal is heated to a high temperature above its
recrystallization temperature and then it is pressed between two rollers to reduce the thickness and
increase the length. This increases the yield strength of the metal and provides it with increased ductility.

In this process, the metal sheet is heated to very high temperatures (typically above 1,000 °C)
before it is passed through a series of rollers that exert pressure on the metal. This high pressure causes the
metal to deform and thus assumes the desired shape. This process is usually followed by heat treatment in
order to further harden the surface of the metal.

In the case of steel, hot rolling must be done at a temperature above 926 degrees Celsius. When the
temperature is higher than the recrystallization temperature, the metal becomes a much more ductile
material, so a considerably lower tonnage is necessary to achieve a reduction in thickness, just as in a cold
rolling process. In other words, the higher the temperature, the lower its elastic limit, requiring less force
to plastically deform it. Also, heating the material gives it a greater ability to plastically deform without
breaking. In this way, it is possible to give the piece a greater variety of shapes, maintaining the integrity of
the material. Which is why it is commonly used to make structural elements.
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Figure 10. Hot rolling with cooling [14]

One of the drawbacks to take into account is that the volume of the piece varies when it cools down.
For this reason, the cooling process must be controlled, observing how this volume varies depending on the
temperature curve.

One effect of hot working with the rolling operation is grain refinement caused by recrystallization.
Hot rolling is applied to the initial shaping of large ingots (currently it is also part of the product of
continuous casting), in which the considerable deformations that they suffer are only possible with the
concurrence of mechanical and thermal energy at high volumes of production. The most common products
are plates, bars, rods, structural profiles, etc. Hot rolled products have slightly rough surfaces covered with
oxide known as scale or calamine. Dimensional tolerances are between 2 and 5%.

There are two stages in hot rolling:

e Heating and rough rolling of the ingots obtained in the casting in the mold to transform
them into blooms or slabs.

e New heating followed by forging and finishing rolling of the blooms and slabs obtained in
the previous step or in a continuous casting machine to obtain, respectively, long or flat.

In hot rolling, the ductility of steel is used, that is, its deformation capacity, which is greater as the
temperature increases.

2.2.2 Coldrolling

The process is carried out at room temperature. This forming process is performed at room
temperature, allowing it to recrystallize. Since the steel is made at a much lower temperature, there is no
need to worry about the change in volume and shape of the material, as is the case with hot rolled steel,
suitable for uses where precise shapes and forms are not required.

Cold rolling increases the strength and hardness of steel and decreases its ductility (i.e. its ability
to sustainably deform plastically without breaking), thus requiring it to undergo a process called annealing,
That's why cold rolling is basically hot rolling that has gone through an additional forming process.

This process is applied in the case of producing deformations with a small field of tolerances
(greater dimensional precision), when it is desired to obtain characteristics of these treatments in the
material (better mechanical properties), as well as to achieve a finer surface finish. . Examples are sheets,
stringers, rods, etc.

Cold strain hardening is the phenomenon by which a ductile metal becomes harder and stronger as
it is plastically deformed. The strength of the material increases with increasing percentage of cold work,
however the ductility of the material decreases.
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Manufacturing is usually done in 5 steps:

- Pickling: carried out together with a cleaning process and a bath in diluted sulfuric acid.

- Rolling of the workpiece.

- The degreasing of the metal plate already reduced to the final thickness is carried out using
silicate of soda activated by electrolysis.

- Annealing: using furnaces heated by gas or fuel-oil in a neutral atmosphere to avoid oxidation
caused by direct flame.

- Hardening: a surface tempering that gives it a set of mechanical properties.

A rolling mill for cold rolling comprises:

- Support devices on the reel.
- Drive device formed by three parallel small diameter rollers.

Characteristics of cold rolling:

- Cold rolling produces smooth surfaces and better dimensional tolerances (between 0.5 and
1%).

- Improves strength, machinability.

- Hardening during deformation.

- Low cost method for the production of small parts.

- Anisotropic behavior and residual stresses can be generated.
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2.3 Rolling forming process

The steps followed during rolling forming process are:

1. The workpiece is placed on the rolling milling machine and the ingots are fed into the machine.
Depending on the material being formed, these ingots may be preheated.

2. The ingots are held in place while the milling head rotates around them, forming the ingots into a
thinner piece. This process continues until the part has the desired thickness.

3. The completed parts are removed from the milling machine and transferred to a storage area for
further processing.

The thickness reduction depends on the friction force of the roller with the part. The greater the
friction force, the greater the thickness reduction that can be achieved, there being a thickness reduction
limit for a given friction value. To obtain a laminated product, several operations are usually needed in
which the thickness is reduced step by step.

Cajas de desbaste Cajas de acabado
Desbaste Plancha Q Q Q Q Q Q Chapa
R1 R2 F1 F2 F3 F4 F5 F6 F7

Figure 11. Rolling mill [15]

The cylinders are grouped in boxes or frames. The set of boxes forms the rolling train. There are
different frame configurations (two, three, four or more rollers). The cylinders are usually made of forged
steel (normally) or cast iron.

Rolling is a forming process by plastic deformation in which the material flows continuously and in
a preferred direction by means of compression forces, exerted when the metal passes between cylinders,
and shear forces, caused by friction between the cylinders and the metal. Essentially, rolling consists on
passing the metal between two rollers separated by a gap smaller than the thickness of the incoming metal,
that rotates in the opposite direction.

The rolling process can be defined as the combination of two processes. First, the translation
movement of the workpiece towards the space between the rollers. Then, the rolling process in which the
rollers act on the plate.

The rollers roll without slip in the plane in which the plate moves. During the process, a deformation
may occur in the roller that displaces the center of the rolling axis, but in the study case presented in this
project, this deformation will not be taken into account due to the limitation of computational resources,
since this deformation is very low specially in cold rolling processes [16].
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P12

Figure 12. Diagram of the rolling process in the absolutely ‘Tigid’ rolls, represented [16]

Rolling process is defined as an elastoplastic process, when the roller enters into contact with a
certain section of the plate, there is a region at which it deforms elastically. In order to reduce the thickness
of the workpiece, it is necessary to exceed the elastic limit, forcing it to deform plastically, not allowing the
material to recover its original shape.
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Figure 13. Elastic-plastic zones during rolling [17]
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2.4 Rolling mill

Rolling mills used in the rolling process are adapted according to its dimensions and purpose. Its
main parts are described below:

Main Screw

|]:'I[| | HGC Cyhoders

I [l

[__ + ::' | Back-up Roll
Thickness /-' '
Guoge P |_|! | Work Roll
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Belcle iR s B CICICICICh
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Work Rell . 1 .

: \. ;
Bending — |_| 1= {ill Stand
Cylinders —— !

Load Cell

Figure 14. Typical structure of a rolling cell. In this case, hydraulic gap control us used with the purpose of increasing
process accuracy [18]

o Hearth: It consists of a bed in which metal is placed before being poured onto the rolls to
receive the required thermal treatment. It is sloped to allow the molten metal to flow easily to
the rolls. A door-like structure is used to keep the metal inside the hearth when the machine is
in operation.

e Guide: Leads the slabs onto the rollers.

e Rollers: are composed of a cylindrical sleeve, or shell and a cylinder, called the “core.” The core
is the heart of the roll and provides the strength necessary to support the weight of the product
being rolled on the rolls. For each cell there are at least 4 rollers, the upper and lower work
rollers and their respective back up roller.

e Stands: These are the vertical pillars that support the machinery of the mill. Each stand has a
group of four rolls mounted on it. Each roll supports its own group or series of rolls above it.
The main frame of the mill consists of a group of these stands connected together and used to
support the rolling process. Additional support is provided for the machine by cross-bracing
or tie rods located between the main frame and the bolsters.

25



Simulation of Metal Rolling Process Universidad
Miguel Dominguez Garcia Europea

2.5 Rolling forming process main parameters

This process consists on reducing the cross sectional area of the metal piece. Reducing the thickness
while the with remains almost constant. As a consequence, the length of the plate tends to increase.

Z

ﬁx

Y

Figure 15. Initial and final plate geometry

o [, is theinitial length of the plate.

e t,is theinitial thickness of the plate.
e [ isthe final length of the plate.
ety is the final thickness of the plate.

The angle of the bite (0) determines the thickness reduction that takes place. This parameter
depends on:

- Temperature of the process. For cold rolling 8 is usually between 3 and 4 degrees and
for hot rolling 242-322.

- Surface roughness of the roller. For smooth surfaces, low angle of the bite is required
while for rough surfaces high angle of the bite is required.

- Diameter of the roller. The larger the diameter, the less the angle of the bite would be.

Figure 16. Rolling scheme

Draft is defined as the difference between initial and final plate thickness.

d=t0—tf
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Thickness reduction ratio is:

d
r=—
tO

Maximum draft determines the maximum deformation that can be achieved for a given roughness
and radious of the roller:

Amax = .u2 “R
Where:

e Friction coefficient of the roller
e  R:Radious of the roller

Friction coefficient depends if performing cold or hot working.
e n=0.1for cold working

e u~=0.2 for warm working.
e n=0.4-1.0 for hot working

Due to the rotation of the roller, the friction between the roller and the plate pushes the plate in
between the rollers. When the metal enters between the roller, the material is compressed leading the metal
to deform plastically and therefore, to thickness reduction. Grain of the metal is elongated in the plate’s
linear movement direction, leading also to a length increment. As a consquence, the speed of the metal
increases when passing through the rollers. The pressure exerted to the metal increases from the first
contact point until the neutral plane, then it decreases until the plate exits the rolling section.

Then, at the entry, the velocity of the metal is lower than the surface velocity of the roller. At the
exit of the contact between the rollers, the velocity of the plate metal is higher than the velocity of the roller

surface. In the neutral plane, the velocity of the metal and the roller is equal.

True strain:

. tO
True strain = In—
tr

Average flow stress:

Where:

e cstrain
e  k:stiffness
e n:strain-hardening exponent.

During the process, the volume of the metal is conserved:

tOWOIO = thflf

Contact length (L):

L:/M%—q)
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Rolling force (F):
F=o0:-L-w

Where w is the width of the plate.

Torque (T):
T=05-F-L
Power (P):
P=2m-w-F-L
The main parameters that determine the performance of the process are:

e  Material resistance to plastic deformation, which is a function temperature and strain rate.
e  Friction.

e Roller diameter.

e Presence of a stress front in the plane of the plate.
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Chapter 3. NUMERICAL METHOD

3.1 Introduction

The metal rolling process is an important step in the manufacturing of many products. In this
process, a metal sheet is placed between two rolls and crushed into thin sheets. During rolling, a metal sheet
is passed through a pair of opposing cylinders following an elastic deformation of the sheet metal into the
space between rolls, the applied force is constant and the rolls apply a constant pressure to the sheet metal.
The pressure is kept constant throughout the process, so no shearing forces are present. We can therefore
treat this process as compression of a spring-like object.

3.2 Rolling process governing equations

3.2.1 Stress-strain analysis

To define the equilibrium equation of an infinitely flat plate, following assumptions are taken into
account:

e Stress and strain along the two dimensions of the thin plate are constant in all the vertical
sections of the deformated zone.
e Inertial force is neglected.

B
v A
& ,\ﬁo';dO_'zz Tl _E‘E\_
[ Pr dx K

Figure 17. Deformation zone scheme [16]

The equilibrium differential equation can be defined as follows [16]:

h— (o +do) - (h + dh) + 2p, — sing — 27, ~= =0
o (o +do)-( ) + 2p, sing — 21, cosp cosp =

cos@
Where:
o: longitudinal stresses

pr: contact normal stresses
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Tv: contact tangential stresses
h: height of the cross section
@: central angle
Neglecting the negligible second order values:

2t 2t
da—(pr—a)+ﬂdx+—vdx =0
h h
So, taking into account that the coordinate x can be put as a function of ¢, to obtain the stresses it

would be necessary to solve a differential equation of this type [16]:

do

do f(p,0)

Once the stresses have been calculated, Abaqus uses Hooke's law for isotropic materials. The elastic
deformation of materials is governed by the Hooke's law, which states that the strain (€) is proportional to
the elastic modulus (E) and inversely proportional to the Poisson's ratio o/¢. For isotropic materials, E is
the ratio of stress and strain while € is the ratio of the change in the length to the change in the width.
Therefore, E=cL. The Young's modulus is defined as the ratio of the stress to the strain in an elastic body.
When the object is under a constant load, the increase in length is equal to the increase in tension.

From Hooke’s Law, where the force acting on the metal piece is equal to its elastic constant times
the displacement that the force causes, we have:

[0, — (o, +0,)]
sngox—vcy o,
1
£y=E[0y_V(Gz+0x)]
~ [0, — v(oy + )]
sz:EGZ_VO-y Oy
o
ny=%
Oyz
Yyz = G
_ Oz
Yzx G

Where v is the Poison’s ratio, E is the Young modulus of the material, €, gy and €, are the normal
strains, oy, oy and o, are the normal stresses, G is the shear modulus of the material, yy,, , vy, and y,, are
the shear strains, and oy, 0,, and o,, are the shear stresses.

The elastic deformation corresponds to the phase in which the deformation and the tension the
material is subjected to are proportional.

Exx 1 -V -V 0 0 0 Oxx
Eyy —v 1 —-v 0 0 0 ||%y
€2z _ 1|—v -V 1 0 0 0 Ozz
syZ - E 0 0 0 1+v 0 0 0-yz
Ezx 0 0 0 0 1+v 0 Ozx
Exy 0 0o o 0 0 1+vlloyy
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Solving this equation for [c], Abaqus solves all normal and shear stresses in each of the components:

Oxx 1—v v 1% 0 0 0 Exx
Oyy v 1-v v 0 0 0 Eyy
Opz| E v v 1—v 0 0 0 €2z
Oyz|  (1+wv)(1—-2v)| O 0 0 1-2v 0 0 |8z
Ozx 0 0 0 0 1-2v 0 €2x
ny 0 0 0 0 0 1-2v SXy

3.2.2 Thermal analysis

From the governing the diffusion of heat in a conductor, the equations to get the temperature
distribution of the roller and the plate can be obtained:

7 10T
VT o
k
Y ThG,
Where
q Heat (J)
k Thermal conductivity (%)

Cp Specific heat (K]—kg)

p Density (%)
T Temperature(K)

In the case of the roller, a cylinder whose mechanical and thermal properties are constant in the
direction of the axis in which it rotates is considered, so that the temperature field remains constant in this
axis. Also, steady state is assumed. The rotational speed of the roller is constant, and the heat flux
distribution at the interface is uniform.

For a cylinder in cylindrical coordinates, the equation governing the diffusion of heat in a conductor
can be expressed as:

9°T 10T 10°T wdT

Il el T T

For the plate, heat is generated by friction with the roller and the deformation energy of the plate
itself. Using the governing equation of the heat diffusion in a conductor for cartesian coordinates, it is
obtained the following expression for the temperature field:

0*T 0°T\ q"a; oT N oT
%s\oxz2 " 0yz) Tk, " “ox " Voy
There are two main sources of heat generation in the process, which are the heat generated due to

the deformation of the plate and the generated due do the friction between the roller and the plate. This
heat can be calculated as follows [19]:
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Where:
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Heat flux due to friction, W/m?
frictional shear stress, MPa
relative surface velocity, m/s
coefficient of friction

roll pressure, MPa

roll surface velocity, m/s

neutral point angle
circumferential coordinate

initial strip height or thickness, m
roll radius, m

Heat flux due to deformation, W/m?2
material strength coefficient, MPa
strip thickness at neutral point, m
strip width, m

y coordinate

final strip thickness, m

length of the bite region, m

strain hardening exponent
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3.3 Numerical solution

Rolling process is a elastoplastic process, which corresponds to a nonlinear behaviour. Nonlinearity
is a characteristic of many processes in nature. Mathematical models are used to understand the underlying
physics of a system and identify important parameters that will affect the results. To study nonlinear
systems, finite element methods (FEM) become even more important. A variety of different applications
can be modeled using the FEM, including mechanical, thermal and fluid systems. Metal rolling processes are
an example of highly non-linear systems.

Heat generation is another key challenge that must be taken into account when designing a control
strategy for a metal rolling operation. Heat generation is inevitable during the process of bending and
stretching the metal. The heat energy generated is distributed into the surrounding atmosphere and
absorbed by the steel rollers. The resulting increase in the temperature of the metal can have a significant
effect on its mechanical properties. This can lead to increased wear of the rolls and reduced quality of the
rolled metal piece. As such, the steel rolling process an efficient thermal management system must be
developed that can reduce the amount of energy required to maintain a stable operating temperature.

Along this project, Dynamic Explicit Coupled Temperature-Displacement is used to solve the heat
diffusion problem associated with the heat transfer from the slabs to the rollers and to the environment.
The purpose is to determine how the variation of the main operating parameters affect the results of the
process. The expected outcome is a rolling process model that can be used as a design tool to optimize the
performance and efficiency of the process.

Rolling involves both mechanical and chemical processes and is therefore a complex and dynamic
process. It requires a high degree of control and synergy between the various elements involved to ensure
high quality output with minimal waste. This is even more important in hot rolling. One of the main
challenges in controlling the process is achieving and maintaining a stable operating temperature for the
rollers and the workingpart. If the rollers become too hot, they will burn through the metal and cause cracks
to develop in the rolled product. On the other hand, if the rollers are not hot enough, they will be unable to
deform the metal properly and result in uneven thickness of the rolled product. In addition, if the rollers are
heated unevenly they will also be unable to reach the target temperature at the same time and there will be
a delay in reaching the target temperature. This can further increase the risk of damage to the product and
create inconsistent product quality. It is therefore necessary to predict the operating conditions of the
rollers as well as monitoring it in real time to be able to take corrective action when necessary in order to
ensure consistent quality.

3.3.1 FEM: Dynamic Explicit Coupled Temperature-Displacement

To calculate stresses and strains, abaqus explicit uses finite element methods to perform the
calculations. The finite element method is a numerical method for solving differential equations. Differential
equations of real physical problems have a particular way of discretizing, dividing the domain into a finite
number of elements. To solve the governing equations of the problem, which are ordinary differential
equations, numerical methods are used to find numerical approximations to solutions of these ordinary
differential equations (ODE). Its use is also known as numerical integration, although this term is sometimes
taken to mean the calculation of an integration.

In differential analysis, the domain is discretized into a finite number of elements of infinitesimally
small size. The FEM divides the domain into larger elements, these elements are joined by nodes. The main
characteristics of finite element methods are described below:
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- Nodes are associated with certain parameters that characterize their behavior. In this way, the
complete system is an assembly of all these elements that form it, therefore, the solution follows
the rules of discrete problems.

- The unknowns of the problem cease to be mathematical functions that describe the general
behavior of the structure. The value of these functions in the nodes become functions themselves.

- The behavior inside the elements is defined from the behavior of the nodes by means of shape
functions.

Static implicit solver works well with most of the metal forming processes. For this cases, static
applied loads and boundary conditions are assumed for each node. Steady deformation of the roller is
therefore also assumed. The legth of the analysis step (time period) plays no role in the outcome of the
analysis, the solver will reach a steady-state by the end of the step.

Nevertheless, dynamic explicit model, is shown to be much more effective for highly non-linear
problems which includes metal rolling processes. During cold rolling, metal has an elastoplastic behaviour,
being a non-linear process itself. Additionally, heat generation is high, generating even more non-linearities.
For this reason, dynamic explicit coupled temperature-displacement FEM is used. The applied loads,
boundary conditions and the resulting temperature field can be defined as a function of time. So, the defined
time period is interpreted as real time, the results at the end of the step correspond to the state of the
modelled system at that instant. In Dynamic Explicit Coupled Temperature-Displacement, thermal load will
be defined according to a calculation of dissipated kinetic energy .

Thermal diffusivity is the thermophysical property that defines the speed of heat propagation by
conducion during changes of temperature. The higher the thermal diffusivity, the faster the heat
propagation. The thermal diffusivity is related to the thermal conductivity, specific heat and density of the
material.

3.3.2 Implementation of the Dynamic Explicit Coupled Temperature-Displacement FEM

This chapter will describe on the one hand the implementation of the method in terms of
mechanical behavior, and on the other hand, in terms of thermal behavior.

3.3.2.1 Mechanical solution

Firstly, the domain or structure is divided into elements joined by nodes, having each of these
elements their own geometric and physical-mechanical properties. The stiffness properties of the material
are compiled into a single matrix equation that governs the internal behaviour of the structure:

{f} = [k] - {x}

Where {f} is the vector of element nodal forces, [K] is the element stiffness matrix (normally square
and symmetric), and {x} is the vector of unknown element nodal degrees of freedom or generalized
displacements. The unknown data on the structure are the forces and displacements that can be determined
by solving this equation.

The stiffness matrix conceptually relates the displacements of a series of nodes with the effective
local stresses at those nodes. From an operational point of view, it relates the unknown displacements of a
structure with the known external forces, which allows finding the reactions, internal stresses and stresses
at any point of the structure.

34



Simulation of Metal Rolling Process Universidad
Miguel Dominguez Garcia Europea

The stiffness matrix, then, contains all the physical-mechanical and geometric properties of an
element. These properties act on each other through the nodes. It is then, that all the elements of the
structure connect with each other to form the complete structure to be analyzed. In the same way that the
elements are connected to each other, mathematically, the individual stiffness matrices of each element
connect with each other to form the global stiffness matrix [K].

In the study case of this project, a dynamic problem is faced, so the inertia of the system and its
damping must be taken into account. The governing equation that Abaqus uses to solve a dynamic system
is:

[MI{x"} + [Cl{x"} + [K]{x} = {f}

This equation describes the behaviour of a general mechanical system. Where [M ] is the mass
matrix, [C] is the damping matrix and [ K] is the stiffness matrix. The {x} is the position funcion and {f } is
the force, which is time dependent. Whether the analysis is considered static, dynamic or quasi static,
depends on the excitation frequency of working frequency. Being ™" the minimum natural frequency of
the system [20]:

. . 1 i
For dynamic analysis: Weycitation > 3 wmn

For quasi static analysis: ®Wexcitation < iwﬁ""

In a dynamic analysis, for such excitation frequency, the inertia is significant, so it cannot be
neglected and the problem cannot be solved without considering the mass matrix. For quasi static analysis,
the force is constant or nearly constant with respect to the time, which was the case of the punch acting
over the plate on sheet metal bending processes [20].

In explicit analyses, nodal accelerations are solved directly without iterations, as the inverse of the
diagonal mass matrix multiplied times the net nodal force vector while an implicit solver requires inverting
the stiffness matrix, once or more than once. This matricial inversion is a complicated and time consuming
operation. These operations are not required in explicit analyses, which manages the contact and material
non linearities easier than the implicit solvers. In this case, diagonal or lumped element mass matrices are
used, with the purpose of gaining relevant computational efficiency [21]:

"} =M1 - ({f} = [Cl{x'} = [K]{xD)

Below are shown the equations based on central-difference integration that describe the
mechanical behavior in the explicit dynamic finite element scheme used [22]:

. . At(-+1) + At(-) .
HpTHeptT oz W

. N
X I(\£+1) =X I(\{) + At(i+1)x (i+%);

where x 1(\2) represents any degree of freedom and it can be either a displacement or a rotation

component. Subscript i refers to the time step increment [22].
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3.3.2.2 Thermal solution

To calculate the temperature field, equation of energy conservation law in explicit form is used to
state each node’s internal heat [17]:

Qit—1,j + Qit+1,j + le,j—l + QlF,j+1 + QFJ = AEit.j
Where:

AEl-t_ ;  ls the increasing amount of the internal energy in the control volume in

unit time.
Q7 heat of the internal heat source in the control volume in unit time
Qi1 Qi1 Qfj—1,Qf j+1 heat transferred from the surrounding nodes to

P respectively (see Figure below)

(i, j+1)
Femm e — -
1 I I
I I
1
(-Lj PG L G+LD)
] 3 1
----------- - AJ'L_’
[\,r’; . l)
Ax

Figure 18. Heat transfer for internal node diagram [17]

According to Fourier’s law of heat conduction, Qit_l_,- , Qit+1,j , Qit,j—l ) Qit.j+1 are calculated as follows:
t A e t
Qi—l,j = E(Ti—l,j - Ti,j) Ay -1

A
Qit+1,j = Ax Tit+1,j - Tifj) Ay -1

A
Qijr = E(Tifj—l —Tf) Ax -1

A
Qij1 = E(Tifm —Tf) Ax -1

Heat of the internal heat source in the control volume in unit time, Q}’_}- , which in this case

corresponds to the deformation heat, is obtained from:
Q);=(qp +qp)-Ax-Ay-1

Where gp is the strength of the heat source due to deformation and ¢ is the strength of the heat
source due to friction:
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Where:

Qp deformation heat (])

Qf friction heat (J)

t, Contact time of roll (s)

vy Work roll speed (m/min)

l Total length of the rolling deformation zone (mm)

h. heat transfer coefficient (m‘;lzc)

Finally, using the law of conservation of energy equation, temperature of the internal nodes is
integrated using the explicit forward-difference time integration rule [17]:

t+1 _ 1t
AAt AAt At
t+1 __ t t t t t t t
TH = pc(bx)? (Tizyj + Ty j — 2T ) + W(Ti,j—l +Tij1 — 2T;) + p_C(QP +4q5) + T

3.4 CAE explicit solvers

Abaqus explicit is used to study the stress state of the slab under heat generation conditions.
Abaqus explicit solver perfectly adjusts to the dynamic analysis required. In dynamic problems, there are
inertial effects, and the kinetic energy in the system is not negligible. Abaqus explicit is used for problems
that are nonlinear, which is the case in metal rolling processes. Nevertheless, there are different CAE explicit
solvers in the market. The main explicit solvers on the market are discussed below.

e Nastran sol700

Nastran explicit sol700 is a software tool developed by NASA engineers written in FOTRAN. It is
one of the most important solvers for structural analysis with high non-linearities like crashes. Its main
disadvantage is not having any tool to generate the geometry and meshing, which have to be done my means
of Patran or APEX. [23]

Until recent years, it was the only solver widely used in the aerospace industry for this kind of non-
linear analysis, but nowadays, solvers like Abaqus are gaining importance in the Aerospace industry.

e Pam-crash

This software's predecessor code simulated the frontal impact of a full passenger car structure in
an overnight computer run. This was the first successful full-car crash simulation. [24]

Using Pam-crash it is possible to model complex geometries with structural and continuum elements
like beams, shells, membranes or solids. This program includes a large library of materials, even the most
difficult to model which are the multi-layers composites. Linear and nonlinear problems like failure models
or damage can be approached using Pam-crash. [25]
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e lIs-dyna

The software package contains a single executable file, LS-DYNA.exe . LS-DYNA is a command-line
driven software package that can be used to solve problems in turbomaching and aerospace industry in
general.

The LS-DYNA software package provides solutions for solving a variety of problems from many
branches of science and engineering. The modular structure of LS-DYNA makes it easy to add new
functionality to the code.

The characteristic of LS-DYNA that stands out is its capability of solving multiphysics problems,
including [26]:
Heat Transfer
ALE, EFG, SPH, particle methods
Navier-Stokes Fluids(version 980)
Radiation transport (version 980)
Electromagnetics (version 980)
Acoustics

O O O O O O

e Radioss

Altair Radioss is a commercial, multidisciplinary finite element solver that can be used for a wide
variety of applications, including: acoustics, fluid flow, electromagnetic fields, heat transfer and structural
mechanics.

One of the main advantages of Radioss is that it is open software so that it can be freely modified or

distributed. On the other hand, Radioss support the inputin the LS-DYNA input format as well as the Radioss
'Block’ Format [27].
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Chapter 4. NUMERICAL MODEL

4.1 Introduction

In the numerical models performed, it is analysed how a 20mm plate is worked to obtain a 12mm
plate in two passes through the rollers. The model used in this study incorporates boundary conditions
based on a realistic case of this manufacturing process. Strains on the workpiece are calculated as a function
of time. The main objective of this chapter is to present how the dynamic explicit coupled temperature-
displacement finite element model is set in order to predict performance of the process in terms of
deformation, temperature and force required. The whole model was developed using Abaqus.

Some limitations exist regarding the speed with which a particular model can be meshed and solved
numerically. The time required for this depends on several factors including the computational difficulty of
the problem, the amount of parallelism inherent in the computation, and the number of processors available
to run the calculations in parallel. In addition, the time required to perform the simulations may be limited
by the stability of the software being used. Depending on the complexity of the problem being investigated,
it may take several hours to several days to perform an adequate number of simulations and to achieve an
adequate level of accuracy.

4.2 Parametric analysis

Firstly, a mesh convergence study is performed and then these results are compared with a model
whose roller is made up of rigid shells.

Several models have been created with the aim of performing the aforementioned parametric
analysis of the metal rolling process. Then, results are analyzed to understand how variations in the
different parameters affect the behaviour of the process.

Starting from a base model, with a certain geometry and materials that will be described
throughout this section. The parameters to vary between the different models are:

- Rotation speed of the rollers.
- Linear speed of the plate as it passes through the rollers.
- Material of the plate.

Furthermore, since the main objective of the analysis is to study the behavior of the plate, to
simplify the calculations, the roller is assumed to be a rigid body. However, the properties of the elements
generated with a non-deformable mesh do not allow the application of thermal coupling time steps. For this
reason, it was necessary to use a roller that is minimally rigid, that is, with a modulus of elasticity several
orders of magnitude higher than the modulus of elasticity of the plate, so that it does not deform during
contact with the plate. In this way, it is intended to fulfill the original assumption of a rigid roller. To verify
the low impact that the use of a minimally rigid roller has on the model, its mechanical behavior is compared
with a model whose roller is a rigid solid.
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4.3 Model set up

In the following paragraphs, the main features of the models created are described. In Annex 1 it
is detailed the construction of the model step by step.

4.3.1 Assumptions
To set up the model, following assumptions are taken:

1. The process takes place in a very short time step. With the selected velocity and size of the plate
and rollers, the whole process is carried out in 0.3 seconds. This means that the heat disipated to
the atmosphere is negligible for air free or forced convection. Therefore it is considered that the
rollers and plate conform an adiabatic system.

2.  Width of the plate does not vary during the process.
3. Noslip condition in the tangential point between the roller and the plate.

4. Change of mechanical properties with temperatures are not taken into account.

4.3.2 Parts
The model consists of a plate and two rollers in the form of a hollow cylinder, arranged with their
base on the YZ plane.

- Rollers:
e Internal radius: 0.1 m
e External radius: 0.25 m
e Width (2):0.15m

Figure 19. Roller

e Length(z):0.2m
e Height(y): 0.02m
e Width (x):0.1m
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Figure 20. Plate

4.3.3 Assembly
The final assembly of the model with the two roller and the plate would be:

e

Figure 21. Assembly

4.3.4 Material

The material used in the velocity parametric analysis models is steel St 37-2 G, a material that is
typically cold-rolled to build structural elements. This material is used as a carrier material for galvanically
refined strips and sheets [28] and it has a high enough melting point to study a wide range of of velocities
causing a significant AT difference between the models so that the effect of the variation of each parameter
can be appreciated.

The properties of St 37-2 G entered in the model have been obtained from the WIAM material
database. [29]. El modelaje de este material se ha realizado de acorde con el manual de usuario de Abaqus
Simulia. [30].

4.3.4.1 Plate
Material properties introduced in the model for the plate:
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Heat capacity
Conductivity
Density
Elasticity

Plastic behaviour

Figure 22. Steel St 37 plate [31]

Component Weight %
Sulfur 0.04
Carbon 0.17
Phosphorus 0.04
Nitrogen 0.007

Table 1. St 37 Composition [28]

The mechanical and thermal properties to be taken into account are:

Property Magnitude

Density 8000 kg/m?

Tensile ultimate strength (o) 4.80E+408 Pa

Young modulus (E) 2.1E+11Pa
Tensile yield strength (Y) 2.46E+08 Pa
Conductivity 45 W/mK
Specific Heat 460 ]/KgeC
Melting point 1370°C

Table 2. Mechanical properties of the material [28]

Stress strain curve of this material is introduced to the model, describing the elastic and plastic
behaviour of the plate is the following:
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Graph 1. Plastic strain curve for Steel St 37 introduced in Abaqus

4.3.4.2 Rollers

The roller is a minimally rigid deformable solid. To provide stiffness to the roller, the material used
has 10 times the Young modulus of the steel of the plate. Plastic behaviour is not introduced to the model.
Material used for the rollers has the following properties:

e Heat capacity
e Conductivity
e Density

e Elasticity

Property Magnitude
Density 8000 kg/m?3
Young modulus (E) 2.1E+12 Pa
Conductivity 45 W/mK
Specific Heat 460 ]/KgeC

Table 3. Roller properties

4.3.5 Mesh

The mesh used is a fixed mesh since in this case the use of moving meshes complicates the analysis
and its reliability, increasing the computation time. The elements used are C3D8T (8-node trilinear
displacement and temperature).

It can be seen how the thickness of the mesh depends on the region of interest for the analysis. The
study of how the plate behaves is in this case what is intended to be analyzed in detail.
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Figure 23. Plate mesh

For the roller, the mesh used is a regular mesh with hexaedral elements. The main region of interest
is the plate, so the mesh of the roller is thicker. The global size of the roller is 0.01, while for the plate is
0.0028 being the element size of the roller 3.57 times bigger than the plate elements.

45 Mesh Controls X

Element Shape
Hex-dominated O Tet O Wedge

Technique Algorithm
@ Medial axis

D [4] Minimize the mesh transition Q"
@ Sweep D
O Bottom-up |:|

(O Advancing front

Redefine Sweep Path... Assign Stack Direction...

OK Defaults Cancel

Figure 24. Mesh controls applied to the roller

Figure 25. Roller mesh
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4.3.6 Boundary conditions
The Boundary conditions applied in the basic model consist of:

e Provide a symmetry to the model.
e Inserta linear speed for the plate of 4 m/s in negative z direction.
e The rollers move with an angular velocity of 40 rad/s in positive x axis.

4.3.7 Step

Step selected, as stated, is the dynamic explicit coupled temperature-displacement. Solution is
composed by a temperature field and a displacement field. The temperature field and the displacement field
are updated simultaneously according to the coupled thermodynamic-structural condition of the thermo-
mechanical problem.

To get an stable solution, the changes of the system in total internal energy (E,), viscous energy
dispated (Ey), frictional energy disipated (Erp) and kinetic energy (Exg) as a result of imposing an external
mechanical load (E},) must be taken into account. The energy balance can be described as:

E, +Ey + Epp + Exgp — Eyy = Eiorq1 = constant

For example, in the metal rolling process the energy dissipated by the system is equal to the
difference between the total amount of heat generated by heating and the amount of heat absorbed by the
cooling of the metal strip and absorbed by the roller. The energy dissipation represents the heat dissipation
capacity of the system and the efficiency of the cooling system used. In the numerical model E;,;,; is only
approximately constant, generally with an error of less than 1%. [32]

4.3.8 Unit system

In the models described, the units system used is the SI (mm):

Quantity SI
Length m
Force N
Mass kg
Time S
Stress Pa
Energy ]
Density kg/m3
Temperature K

Table 4. SI unit system is used
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4.4 Output variables

In order to study how the metal rolling manufacturing process behaves under different conditions,
a parametric analysis is carried out. In said parametric analysis, different models are made by varying the
speed and temperature at which the process is carried out. The variables studied when extracting results
are the following:

4.4.1 Mises stress

To study the results of the model, first it is represented the contour plot of Von Mises to quantify
the internal concentration of stresses along the plate. Von Mises is a scalar magnitude proportional to the
distortion energy, which is calculated as a function of the stresses tensor. In this case it is calculated for each
node following this expression:

B (Gx - Gy)z + (O'y - 02)2 + (0, — 0,)?
Oym = 2

Comparing Von Mises stresses along the plate with the yield stress of the material, it is possible to
check at which points the material has entered a zone of plastic deformation.

4.4.2 PEEQ

In ABAQUS, PEEQ refers to the equivalent plastic deformation parameter. It is a scalar magnitude
of all the plastic deformation components in each specific element of the model. These deformations are the
ones that do not return to their original shape after the discharge. Plastic deformations are produced in
those points where the stress on the plate exceeds the yield stress (co.2).

When the material is stretched under a constant load to a certain point, the slope is approximately
linear until the point where the material achieves its yield strength. Until this point, the material returns to
its original shape until all of the elastic energy is completely used up. Then, when all of the available elastic
energy is used up, the slope of the original curve approaches zero. This is the point when the material
achieves maximum plastic deformation. At this point, the plastic deformation is almost complete and any
further elongation will be permanent, resulting in a permanent increase of thickness and a decrease of the
cross-sectional area of the material.

As shown in figure below, an elastic-plastic transition occurs when the stress needed to deform a
material increases from its elastic value to its ultimate plastic value. For most metals, this transition occurs
somewhere between 10% and 30% of the total strain. This phenomenon is known as the Yield Point or
Yielding Point. Since the elastic and plastic components of the material are related, once the yield point is
reached, no additional elastic deformation is possible and the material will become permanently deformed
at this point. If the plastic material can bear a higher load without breaking, then the stress required to
achieve maximum plastic deformation will increase continuously until the material reaches its maximum
stress or breaking strength.

In engineering, to estimate when a material begins to deform plastically, the stress strain curve is
used to draw a line parallel to the linear part of the curve displaced by 0.2% on the strain axis. The
corresponding stress at the intersection between this line and the strain strain curve will be considered the
yield stress, expressed as 0o.2.
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Table 5. Plastic deformation criteria

4.4.3 Reaction Force (RF)

The reaction force in the Y component (RF2) is interpreted as the force applied during the process
by the roller. To do this, the center of one of faces of the roller is taken as a reference point, and the reaction
force value obtained concentrates all the stress exerted by the roller on the Y component multiplied by the
contact area between the plate and the roller.

4.4.4 Nodal temperature (NT)

To analyse the temperature of the plate, NT11 nodal temperature is used. NT11 is the reference
nodal temperature value. In this case, temperature will be studied at specific points using the nodal
variable NTxx. The nodal variable NTxx should not be used for output at the temperature points if the
temperatures are specified by defining the value at the origin of the cross-section and specifying the
gradients in the local 1- and 2-directions. In this case output variable NT should be requested; NT11 (the
reference temperature value) and NT12 and NT13 (the temperature gradients in the local 1- and 2-
directions, respectively) will be output automatically. [22]

In the models performed in this project, reference temperature is zero, so all temperatures are
shown with respect to zero, and can be understand as the value of the temperature increment with respect
to the initial temperature.
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4.5 Dynamic behaviour of the model

The following screenshots show how the plate moves through the rollers at different timeframes.

00
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Figure 26. Plate passing through the first roller
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Figure 27. Plate passing through the second roller
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4.6 Problem size

The following screenshot shows the problem size of the base model once the mesh convergence
analysis has been carried out:

PROBLEM SIZE

NUMBER OF ELEMENTS IS 63792
NUMBER OF NODES IS 73538
NUMBER OF NODES DEFINED BY THE USER 73538
TOTAL NUMBER OF VARIABLES IN THE MODEL 450828

(DEGREES OF FREEDOM PLUS MAX NO. OF ANY LAGRANGE MULTIPLIER
VARIABLES. INCLUDE *PRINT,SOLVE=YES TO GET THE ACTUAL NUMBER.)

Figure 28. Problem size

The computation time varies depending on the selected time period, which will depend on the
linear velocity of the selected plate. For this project, all analysis are performed within the range of 4 to 8
hours.

The specifications of the computer used to run these models are:

Sistemna operativo: Windows 10 Home 64 bits (10.0, compilacién 19045)
Idioma: espafiol (configuracidn regional: espafiol)
Fabricante del sistema: Micro-Star International Co., Ltd.
Modelo del sistema: Bravo 15 BSDD
BIOS: E158KAMS.105
Procesador: AMD Ryzen 7 5800H with Radeon Graphics (16 CPUs), ~3.2GHz
Memoria: 16384MB RAM

Figure 29. Computer specifications
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Chapter 5. ANALYSIS OF RESULTS

5.1 Introduction

With the purpose of analysing the heat generation variation with the roller velocity, different
models are run varying the angular velocity of the roller and the plate linear velocity. The effect of friction
on heat generation in a metal rolling process calculated with Abaqus according to the stress-strain
equilibrium equations and the thermal equilibrium equations will be discussed.

The aim of this chapter is to examine the thermal effect on the power of the roll in a metal rolling
process. During the rolling process, two work pieces are pressed together. These work pieces are the work
rollers and a work piece called the strip. As the parts are pressed together, there is a heat generation and
energy transferred from the strip to the rollers and vice versa. The amount of heat transferred depends on
the amount of pressure and the amount of friction.

5.2 Mesh convergence analysis

Mesh convergence analysis is carried out with the purpose of determining the appropiate number
of elements required to obtain accurate results while reducing computational resources. The results of this
study will be used to ensure that the mesh is suitable for modeling the dynamic behavior of the process,
which will help to increase the confidence in further simulation results. If too few elements are used to
represent the part, it may not be possible to accurately capture the geometric details of the partand produce
reliable results. However, if too many elements are used to represent the part, it may be computationally
expensive and it may become difficult to resolve the interactions among the different elements. It is
therefore important to choose an appropriate number of elements that adequately represent the geometry
of each part and provide a reasonable balance between computational efficiency and accuracy.

To perform mesh convergence analysis, models with different mesh thicknesses are created for

the plate:

Model n
Model 1 2
Model 2 3
Model 3 4
Model 4 5
Model 5 6
Model 6 7
Model 7 8

Table 6. Models created for mesh convergence analysis.
Where “n” is the number of elements along the cross section of the plate

To determine the optimum mesh size, only the action of the first roller is taken into account. The
following variables from the output of the first roller operation are analysed:
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=  Max oyy in timeframe 3

= Max PEEQ in timeframe 3
=  Min RF2 in timeframe 3

= Max NT11 in timeframe 3

In timeframe 3, roller is approximately in the middle of the first rolling process. It is an adequate
timeframe as the stresses and strains in the plate have already developed while dynamic effects are not
mature enough to distort the results. So, comparing both the results at this time frame and the maximum
values of oy, PEEQ, and NT11 and minimum RF2 it can be determined at which mesh size the model is
converging. It has to be noted that min RF2 is selected because the rollers are exerting a force in negative Y
axis.
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Figure 30. Model 8 at timeframe 3

5.2.1 Convergence criteria

Firstly, an acceptable error is set. In the case of metal rolling, acceptable error is relatively high as
the resulting element requires further processes before getting the final product. Here, the purpose is to
obtain a sustancial decrease of the thickness of the slab. For these further processes usually used to
complement metal rolling such as sheet metal bending, higher precision is required because the final angle
of the bending is critical for the piece functionality. In this case, a 5% of deviation will be accepted between
one mesh and the upcoming thicker mesh studied. It is to say that, if increasing the mesh density, 5% or less
variation from previous model is obtained, it will be considered that the mesh has converged.

5.2.2 Analysis of results

The following tables show the results for overall maximum values of oy, PEEQ, and NT11 for the
plate, and minumum RF2 for the roller:
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Number of Number of
n plate mesh plate mesh oym (Pa) PEEQ RF (N) NT (K)
MODEL nodes elements
Model 1 2 693 400 8,52E+08 4,16E-01 1,81E+06 3,99E+4+02
Model 2 3 1800 1218 1,19E+09 4,24E-01 1,73E+06 5,92E+02
Model 3 4 4305 3196 1,15E+09 5,19E-01 1,71E+06 7,21E4+02
Model 4 5 7956 6250 9,59E+08 5,85E-01 1,68E+06 8,85E+02
Model 5 6 12180 9918 1,03E4+09 6,45E-01 1,66E4+06 9,51E402
Model 6 7 21312 17892 1,21E4+09 1,071 1,61E4+06 1,01E403
Model 7 8 29889 25600 1,11E+09 1,107 1,64E+06 1,11E+03

Table 7. Overall maximum ovm, maximum PEEQ, maximum NT11 and minumum RF2

To find the mesh thickness that provides the most accurate results, the maximum values for oy,
PEEQ, and NT11 in the plate as well as min RF2 of the roller obtained for timeframe 3 are included. Being
the model at the same point of process for each of the models, the results will be comparable to each

other:
Number of Number of
n plate mesh plate mesh oym (Pa) PEEQ RF (N) NT (K)

MODEL nodes elements

Model 1 2 693 400 7,64E+08 3,79E-01 1,54E4+06 2,13E4+02
Model 2 3 1800 1218 8,69E+08 4,24E-01 1,58E+06 3,18E+02
Model 3 4 4305 3196 7,79E+08 4,77E-01 1,62E4+06 4,37E402
Model 4 5 7956 6250 7,39E+08 4,64E-01 1,62E+06 5,40E+02
Model 5 6 12180 9918 7,37E+08 4,72E-01 1,56E+06 6,43E+02
Model 6 7 21312 17892 8,53E+08 4,92E-01 1,60E+06 7,65E+02
Model 7 8 29889 25600 8,89E+08 4,85E-01 1,58E+06 8,43E+02

Table 8. Maximum ovy, maximum PEEQ, maximum NT11 and minumum RFZ2 for timeframe 3

Then, these results are plotted and compared. Von Mises stress maximum overall values oscillate
depending on the number of elements in the plate around a value that is between those obtained in Model
2, Model 4 and Model 6, but values do not converge. In each of the models, the maximum ovwm is reached in
different instants (see Annex 2), for this reason, the data obtained are not really comparable. For timeframe
3, results are less scattered and a more accurate tendency line can be drawn. Resutls for model 6 and model
7 are very similar.

Nevertheless, ovm values are not valid to determine the mesh convergence because maximum

plastic deformation is already being reached during the process.
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As it can be seen in the following screenshot, most of the plate’s nodes are on the plastic region,
over the tensile ultimate strength, which corresponds to the maximum plastic deformation stress. This is
why Mises stresses are not considered as a criteria for mesh convergence.
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Figure 31. Model 5 Mises stress
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For PEEQ, it can be seen that there is a significant increase in its maximum value depending on the
number of elements. This occurs due to the dynamic effects of the model, which create a very high PEEQ
value in some elements. Nevertheless, if results are compared from the same time step, it can be appreciated
how the PEEQ remains almost constant, which is the expected result.
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In the figure shown below, it can be seen how in model 6 a PEEQ peak appears in a corner of the
plate, but it is a specific stress concentration that is not representative to analyze the convergence of the
model.
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The reaction force generated on the roller maintains similar values in each of the models, since the
deformation that occurs on the plate is similar. As the contacts are defined, the deformation that the plate
will have will be similar regardless of the density of the mesh, and therefore, the value of the reaction force
on the roller will also be similar once the mesh has converged:
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The temperature data obtained does not converge due to the temperature peaks that occur in
certain areas of the plate in the different meshes tested. This means that the results are not comparable
between the different models.
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Graph 5. NT11 vs number of elements

For this reason, the temperature values that have been taken for the analysis correspond to those
obtained in a node corresponding to the same area of the plate in the same timeframe (timeframe 3 as well
as the rest of the variables).
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Max NT11 in Model 2

Annex 3 details how these temperature values have been extracted from the model.

The nodal temperature values grow as a function of the number of elements, but when reaching a
temperature slightly above 600 k, the temperature increases very slowly, which means that the mesh is

converging.
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Once the results have been extracted, the ideal mesh thickness must be determined. The table
shown below contains the values of increase of each magnitude with respect to the value obtained in the
previous model with a coarser mesh:

Increment

n of Max. Increment | Increment
PEEQ (%) of RF (%) of NT (%)

2 - - -

3 10,57 2,35 33,09

4 11,16 2,48 20,02

5 -2,76 0,43 16,34

6 1,76 -4,11 8,46

7 4,02 2,81 16,16

8 -1,57 -1,52 1,81

Table 9. Increment on the magnitude of the variables in % with respect to the mesh density increment

To conclude which mesh dimension is adequate, the most important parameter to analyze are those
that refer to the mechanical behaviour, which are plastic deformation, stress concentration and reaction
force. In model 6 it can be seen that the results has converged, because the results are behind the 5%
selected as convergence criteria. Therefore, it can be concluded that 7 elements along the thickness of the
plate is the ideal mesh density for the analysis that is intended to be carried out.
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5.3 Comparation with rigid roller model

Models with thermal coupling require deformable elements, for this reason, it is necessary to make
a deformable roller. The increase in temperature depends directly on the deformation of the material, so it
is necessary that the roller can be deformed. However, in this case it is important for the deformation of the
roller to be very low to simulate a real process, for this, the material of the roller must be considerably less
ductile than the material of the plate.

In this case, a steel whose thermal properties are equal and whose modulus of elasticity is 10 times
higher is used as material. In order to ensure that the roller does not deform, it is important to create a
structured mesh in the roller, which does not give rise to excessive stress concentrations in certain elements
that are also accentuated by the dynamic effects of the model.

To analyse the mechanical performance of the model, a deformable roller model is compared with
arigid roller model. Rollers from these models are created as discrete rigid parts. Please refer to Annex 4 to
see how rigid model is made.

ovm values are not evaluated as the deformed part of the plate is enterely inside the plastic zone.
Thus, the PEEQ and the reaction force are compared. Both models are expected to provide similar results.

Taking an instant from the first pass, in both models the PEEQ oscillates between 0.25 and 0.4167
as for the color scale. In both cases results are similar despite the fact that in the rigid model it appears a
PEEQ peak in a specific node causing the maximum magnitude in the model to be higher than for the
deformable roller model.
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Figure 34. PEEQ at timeframe 3 for rigid roller
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Figure 35. PEEQ at timeframe 3 for deformable roller

In the case of the second pass, a similar peak appears in both models. The following screenshots
evidence a trend that began to occur in the first pass, which is that in the deformable roller model the
deformation on the surface is slightly higher than in the rigid roller model. This is because, since there is a
certain deformation in the roller, there is an exchange of kinetic energy between the roller and the plate
which is absorbed by the roller as elastic potential energy and later is transmitted to the plate itself.

Finally, the reaction force values are compared at instants of the first and second passes. It can be
verified that the results obtained for the rigid and deformable roller are quite similar for both the first and
the second pass.
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Figure 36. PEEQ at timeframe 13 for rigid roller
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Figure 37. PEEQ at timeframe 13 for deformable roller

The table below shows the comparison of values obtained between the model with a rigid roller
and with a deformable roller.
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Figure 38. RF at timeframe 3 for rigid roller
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Figure 39. RF at timeframe 3 for deformable roller
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Figure 40. RF at timeframe 13 for rigid roller
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Figure 41. RF at timeframe 13 for deformable roller

Deformable roller

Solid roller

1st pass 2nd pass 1st pass 2nd pass
max PEEQ | 4,992E-01 1,047 4,409E-01 | 9,002E-01
max RF (N) | 1,696E+06 | 1,716E+06 | 1,655E+06 | 1,733E+06

Table 10. Result comparation between rigid roller model and deformable roller

1

In these results it is shown how results from the deformable roller model and the solid roller model
are very similar between them, ensuring that using a deformable roller with an elastic modulus 10 times
higher than the plate is enough for the intended analysis.
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5.4 Thickness reduction of the plate

To check the performance of the simulation, it is imporant to measure the thickness of the plate
after the first and the second pass.

During the first pass, the thickness is reduced from 20 mm to 16 mm:
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Figure 42. Thickness reduction for 15t pass

During the second pass, thickness is reduced to 12 mm:
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Figure 43. Thickness reduction for 2nd pass

According to Poison’s law, when deforming a material in one direction, generates deformation in
the directions too. In this case, as width (x axis) is fixed, length of the plate varies from 200 mm to 250.9
mm during the first pass:
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Figure 44. Elongation after 15t pass

On the second pass, length increases to 331.6 mm:
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Figure 45. Elongation after 2nd pass
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5.5 Velocity parametric analysis

To carry out the parametric analysis of the speed at which the process is carried out, 3 series of

models are made:

- Roller angular velocity variation (models 8 to 13).

- Plate linear velocity variation (models 14 to 19).

- Plate linear velocity and roller angular velocity variation (models 19 to 24).

The linear speed of the plate must be less than the tangential speed of the roller so that the impact
with the roller does not produce undesired deformations in the plate. The plate, therefore, must enter at a
speed lower than the tangential speed of the roller until, due to the effect of the friction of the roller on the
plate, the material is dragged inside the rollers and it is at point N in the figure below, where the speed of

the plate is equal to the tangential speed of the roller.

Figure 46. Schematic representation showing how the plate velocity varies during the process

5.5.1 Roller angular velocity variation

First, different models are run by varying the angular velocity of the roller while keeping the linear

velocity of the plate constant.

Model Plate linear Roller w

velocity (m/s) (rad/s)
Model 8 4 20
Model 9 4 30
Model 10 4 40
Model 11 4 50
Model 12 4 60
Model 13 4 70

Table 11. Roller angular velocity variation models
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The values obtained for the maximum temperature increment, PEEQ and reaction force in
timeframes 3 and 13 with respect to the initial temperature are shown below. In the same way that it has
been done for the mesh convergence analysis, the same timeframes are taken for different models with the
purpose of obtaining comparable values between them. By only varying the rotation speed of the roller, the
effect of friction on the plate can be perceived, since the higher the speed of the roller, the greater the heat
generated by friction. In the table below, results from the main parameters obtained are presented:

15T PASS
Roller | Plate linear
velocity velocity PEEQ RF (N) NT (K)
(rad/s) (m/s)
20 4 3,79E-01 1,84E+06 | 4,32E+01
25 4 3,78E-01 1,75E+06 | 2,20E+02
30 4 4,23E-01 1,73E+06 | 4,40E+02
35 4 4,56E-01 1,69E+06 | 5,93E+02
40 4 4,99E-01 1,70E+06 | 7,56E+02
45 4 5,44E-01 1,65E+06 | 9,14E+02
50 4 6,24E-01 1,61E+06 | 1,05E+03

Table 12. Results for first pass roller angular velocity variation models

2ND PASS

Roller | Plate linear

velocity velocity PEEQ RF (N) NT (K)

(rad/s) (m/s)
20 4 9,37E-01 1,83E+06 |1,44E+02
25 4 9,64E-01 1,83E+06 |3,60E+02
30 4 1,01E+00 | 1,80E+06 |6,34E+02
35 4 9,93E-01 1,79E+06 |9,14E+02
40 4 1,05E4+00 | 1,83E4+06 |1,20E+403
45 4 1,16E+00 | 1,67E4+06 |1,47E4+03
50 4 1,23E+00 | 1,45E4+06 |1,72E4+03

Table 13. Results for second pass roller angular velocity variation models

The plastic deformation of the plate obtained increases proportionally with each pass through the
roller. The faster the roller speed, the greater the plastic deformation. In any of the cases shown, the plastic
deformation is sufficient to obtain the desired geometry, which indicates that for higher speeds there is an
excess of plastic deformation that can be translated into internal stresses in the plate material. These
stresses translate into an alteration in the mechanical performance of the material, making it less resistant
and more vulnerable to damage.
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This can be clearly seen at the edges of the plate, which are flattened by the difference between the
tangential speed exerted by the roller on the plate and the linear speed of the plate. This shock produces
excessive deformation at the leading edge of the plate.
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Graph 7. PEEQ results for roller angular velocity variation models

The reaction force is greater at low speeds, indicating that the roller must exert a much greater
vertical force during the process. The relevance of this fact depends on the thickness of the part to be
manufactured and the available machinery. For angular speeds of the roller between 20 and 50 rps the
reaction force remains constant.
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L
o
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Graph 8. RFZ2 results for roller angular velocity variation models

In the figures below, it can be seen how the temperature varies along the surface of the plate on the
first and second pass for maximum and minimum roller speed simulated:
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Figure 47. Temperature map of the plate during the first pass for 20 rad/s rolling speed
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Figure 48. Temperature map of the plate during the first pass for 40 rad/s rolling speed
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Figure 49. Temperature map of the plate during the first pass for 50 rad/s rolling speed
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Figure 50. Temperature map of the plate during the second pass for 20 rad/s rolling speed
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Figure 51. Temperature map of the plate during the second pass for 40 rad/s rolling speed
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Figure 52. Temperature map of the plate during the second pass for 50 rad/s rolling speed

In these captures it can be seen the great difference in temperatures between the speed of rotation
at 50 rad/s and that of 20 rad/s. For 50 rad/s, during the second pass, the surface of the plate that has come
into contact with the second roller reaches temperatures above 1506K, while for 20 rad/s, the temperature
does not exceed 136.9K, since that the entire plate appears dark blue.
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The maximum nodal temperature increases as the rotation speed of the roller increases, and the
temperature difference between the first and second pass is greater the higher the rotation speed:
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Graph 9. NT11 results for roller angular velocity variation models

5.5.2 Plate linear velocity variation
To analyze the specific influence of the linear velocity of the plate, the following models are run:

Model Plate linear Roller o
velocity (m/s) (rad/s)
Model 14 40 2
Model 15 40 3,5
Model 16 40 5
Model 17 40 6,5
Model 18 40 8

Table 14. Plate linear velocity variation models

In this case, only the output of reaction force and nodal temperature are output. Because it has
already been verified that the plastic deformation obtained remains invariable with the change in speed of
the process. The results are presented in the following tables:
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15T PASS
Roller | Plate linear
velocity velocity RF (N) NT (K)
(rad/s) (m/s)
40 2 1,43E+06 |1,69E+03
40 3,5 1,54E+06 |8,92E+02
40 5 1,73E+06 |5,09E+02
40 6,5 1,74E+06 |2,09E+02
40 8 1,85E+06 |3,79E+01
Table 15. Results for first pass roller angular velocity variation
2ND PASS
Roller | Plate linear
velocity velocity RF (N) NT (K)
(rad/s) (m/s)
40 2 1,72E4+06 |2,37E+03
40 3,5 1,50E+06 |1,50E+03
40 5 1,84E+06 |7,92E+02
40 6,5 1,77E4+06 |3,79E+02
40 8 2,97E4+06 |1,91E+4+02
Table 16. Results for first pass roller angular velocity variation models
The reaction force increases for higher values of linear velocity:
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Graph 10. RFZ results for plate linear velocity variation models

72



Simulation of Metal Rolling Process Universidad
Miguel Dominguez Garcia Europea

The temperature is higher for lower values of linear speed due to the effect of friction, since the
greater the difference between the linear speed of the plate and the tangential speed of the roller at the non-
slip point, the greater the heat generation.

2,50E+03
2,00E+03

1,50E+03

NT (K)

1,00E+03
5,00E+02

0,00E+00
0 2 4 6 8 10

Plate linear velocity (m/s)

—@— 1st pass —@—2nd pass

Graph 11. NT11 results for plate linear velocity variation models

The temperature maps below show the similarity between the temperatures obtained in the first
and second pass for the linear velocity of 8 m/s.
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Figure 53. Temperature map of the plate during the first pass for 8 m/s plate linear velocity
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Figure 54. Temperature map of the plate during the second pass for 8 m/s plate linear velocity

The maximum temperature increment is obtained at for the slowest linear velocity model. This is
where the maximum velocity difference between roller tangential velocity and plate linear velocity is found.
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Figure 55. Temperature map of the plate during the first pass for 2 m/s plate linear velocity
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Figure 56. Temperature map of the plate during the second pass for 2 m/s plate linear velocity
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5.5.3 Plate linear velocity and roller angular velocity variation

In order to analyse the combined effect of the variation of the angular velocity of the roller and the
linear velocity of the plate, the following models are run. The aim of this analysis is to find out which of the

two parameters has the greatest effect on the performance of the process.

In this series of models, the input linear speed selected corresponds to the 80% of the tangential

speed of the roller:

Model Plate linear Roller w

velocity (m/s) (rad/s)
Model 19 4 20
Model 20 6 30
Model 21 8 40
Model 22 10 50
Model 23 12 60
Model 24 14 70

Table 17. Plate linear velocity and roller angular velocity variation models

The results obtained are collected in the following tables:

15T PASS
Roller | Plate linear
velocity velocity PEEQ RF (N) NT (K)
(rad/s) (m/s)
20 4 3,79E-01 1,84E+06 |4,32E+01
30 6 3,71E-01 1,81E4+06 |4,17E+01
40 8 3,71E-01 1,85E+06 |3,79E+01
50 10 3,72E-01 1,83E+06 |3,84E+01
60 12 3,72E-01 1,76E+06 |3,84E+01
70 14 3,73E-01 1,77E+06 |3,80E+01

Table 18. Results for first pass plate linear velocity and roller angular velocity variation models
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2ND PASS

Roller | Plate linear

velocity velocity PEEQ RF (N) NT (K)

(rad/s) (m/s)
20 4 0,9367 2,83E+06 | 1,44E+02
30 6 9,46E-01 2,79E+06 | 1,70E+02
40 8 9,32E-01 2,97E+06 | 1,91E+02
50 10 9,30E-01 2,89E+06 | 2,00E+02
60 12 9,27E-01 2,78E+06 | 2,20E+02
70 14 9,25E-01 2,74E+06 | 2,25E+02

Table 19. Results for first pass plate linear velocity and roller angular velocity variation models

Regarding the mechanical behavior in this series of models, a greater plastic deformation can be
observed for the model configured for slower speeds. From Model 21, whose roller rotation speed is 20
rad/s, the plastic deformation remains constant, following the expressions below:

Plate linear velocity (v)
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Graph 12. PEEQ results for plate linear velocity and roller angular velocity variation models

For the reaction force of the roller, it remains constant in the first pass, while in the second pass it
can be seen that the reaction force increases for low speeds.
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Plate linear velocity (v)
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Graph 13. RFZ results for plate linear velocity and roller angular velocity variation models

Regarding the AT obtained, it can be noted that for different speeds it remains almost constant in
the first pass. However, in the second pass, the temperature increases more with for higher velocity. This
increment is logarithmical, indicating that the higher the speeds, the less this effect is. The temperature
increases more for each pass as the linear velocity is higher and the surface of the plate has less time to
disipate the heat of the surface to internal nodes, leading to a higher surface temperature in the second pass.

Plate linear velocity (v)
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Graph 14. NT results for plate linear velocity and roller angular velocity variation models
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5.6 Al2024 simulation

Model 25 is run to analyse the behaviour of an aluminum plate. Linear velocity of the plate selected
is 4m/s and roller angular velocity is 20 rad/s. Plate material is changed and the rest of the model set up is
mantained as it was for velocity parametric analysis.

The Aluminum Al2024-T3 alloy is used for this model as the plate material. It is a moderately strong
and corrosion resistant aluminum-based material. The material is commercially pure aluminum that is
aged, or oxidized to produce an alloy with mechanical properties that are better than those of commercially
pure aluminum. The most common form of this alloy is sheet stock that is suitable for use in applications
such as aircraft skins. It is also useful for the manufacture of brackets, supports and fittings Some variants
of this material also have excellent weldability characteristics, which make them well-suited for use in a
variety of welding processes. The most commonly used variants are alloys with a composition of between
90.7% and 94.7% aluminum, with the remaining percentage being composed of mainly chrome, copper,
manganese, iron, and magnesium.

Figure 57. AI2024-T3 [33]

Component Weight %
Al 90.7-94.7
Cr Max 0.1
Cu 3.8-49
Fe Max 0.5
Mg 1.2-18
Mn 03-09
Si Max 0.5
Ti Max 0.15
Zn Max 0.25
Other, each Max 0.05
Other, total Max 0.15

Table 20. AlI2024-T3 Composition. The Wt% are not fixed values, they vary depending on the properties intended to
enhance [34]
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The mechanical properties to be taken into account to compare the simulation results with the
analytical ones are:

Mechanical property Magnitude

Density 2780 kg/m?

Tensile ultimate strength (o) 483 MPa

Young modulus (E) 71700 MPa
Tensile yield strength (Y) 350 MPa

Conductivity 121 W/mK
Specific Heat 875]/KgeC

Table 21. Mechanical properties of the material [34]

Stress strain curve of this material is introduced to the model, describing the elastic and plastic
behaviour of the plate is the following:

900
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0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
Plastic strain

Graph 15. Al12024-T3 Strss vs Plastic Strain curve introduced in Abaqus

The following shows how plastic strain and temperature vary throughout the process.

PEEQ PEEQ .
(Avg: 75%) 4™
(Avg: 75%) +1.000e+00 / A
+1.000e+00 +9.167e-01 7”7
+3.167e-01 +8.3332-01 >
+8,333e-01 +7.500e-01 —-—
+7.500e-01 +6.667e-01
+6.667e-01 +5.833e-01
+5.833e-01 +5.000e-01
+5.000e-01 +4.167e-01
+4.167e-01 +3.333e-01
+3.333e-01 +2.500e-01
+2,500e-01 +1.667e-01
+1.667e-01 +8.333e-02
+8.333e-02 +0.000e+00 Step-1: 0 Step-1: 20
+0.000e +00 Step-1: 0 Step-1: 20 N |
1 o Max: +3.704e-01
Max: +2.434e-01 Eleny: SHEET-1.17892
Elery: SHEET-1.988 Nodg: 2131308: al_modeln? _v20_4_1_forconv.odb Fqus/Explicit 2020 Thu Jan 05 04:09:35 GMT+01:00 2023
Nodg: 17 130DB: al_modeln7_v20_4_1_forconv.ods  Abaqus/Explicit 2020 Thu Jan 05 04:09:35 GMT+01:0C | Da;@b Step-1]
oot Stp-1 p B ment  [130701: Step Time = 3.7500E-02
M B R00¢ B ment |43547: Step Time =  1.25006-02

Figure 58. PEEQ for timeframes 1 and 3

For timeframe 5, the first pass is completed, and at this point, the whole plate is deformed
plastically, reducing the thickness of the plate from 2E-02 to 1.2E-02 meters (please refer to Annex 5). For
timeframe 11, second pass has started:
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Figure 59. PEEQ for timeframes 5 and 11

During timeframes 13 and 15, the second pass is completed:
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Figure 60. PEEQ for timeframes 13 and 15

After the second pass, the width of the plate is 1.2E-02 m. The elongation of the plate is 1,32E-02m.

Please refer to Annex 5.

The evolution of maximum PEEQ is represented in the following graph:
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Figure 61. PEEQ vs time

15 20

Max PEEQ is mantained constant during first and second pass, which means that there is stability
on the model and there is not relevant dynamic effects.

Evolution of temperatures are presented below. The scale has been changed to a maximum of 150K
temperature increment, given that for this velocity set up, temperature increment is not high. For

timeframes 3 and 5 first pass in completed.
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In the last section of the plate, temperature is higher as part of the heat is transmitted from the
inflow section of the plate which is worked first.
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Figure 62 Temperature increment for timeframes 3 and 5

Here this effect can be appreciated even more clearly for timeframe 6, when the outflow section of
the plate is worked by the roller. A maximum temperature increment of 432.3k is achieced. Part of this heat
is due to the friction with the roller but part is due to conduction from sections of the plate that were heated
before. On timeframe 10, an instant before coming into contact with the second roller, it can be seen that at
the outflow section of the plate that part of the heat has been transmitted from the surface to internal nodes
of the plate. This way, surface temperature gets lower between timeframes 6 and 10.
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Figure 63 Temperature increment for timeframes 6 and 10

During the second pass, surface is heated again. Higher temperatures tend to accumulate at the
plate surface outflow edge because heat from already worked zones is conducted to neighbour nodes.
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Figure 64 Temperature increment for timeframes 11 and 13

It can also be seen how internal nodes temperature increase.
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Figure 65 Temperature increment for timeframes 15 and 17

During this process, the roller is also heated. Heat generation in the roller depends on the
deformation. For this reason, as the roller has an elastic modulus 29.3 times the elastic modulus of the plate,
the roller has considerably less deformation and temperature increase is lower than the plate. Using a scale
of a maximum of 50K value to appreciate the temperature change, following temperature maps are obtained
for first and second pass:
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Figure 66. Roller temperature map at timeframe 7
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Figure 67. Roller temperature map at timeframe 18

Temperature increment is almost constant for most of the plate surface, but, at the outflow, due to
the higher temperature of the plate, higher temperature is transmitted to the roller.
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Chapter 6. Conclusions and future work

6.1 Conclusions

From the results obtained, conclusions can be drawn regarding the effect of speed on how a
material deforms. It can also be seen that both roller and plate speeds have an effect on the thermal behavior
of the plate. Temperature variations (AT) that occur when the process is carried out at different speeds
have been calculated, and the models used suits the intended parametric analysis, being these methodology
for simulating metal rolling process applicable to both cold rolling and hot rolling process and for any
material.

6.1.1 Mechanical behaviour

Taking Al2024 plate model 25 to compare analytical results with the obtained in the model, it can
be seen that for the first pass, the force results obtained fits with the extracted from the analytical solution.
The analytical calculation of the force does not take into account the effect of the speed of the plate and the
roller during the process, assuming a steady state:

F=o0:-L-w
For Model 25:
oy = 8.1428E + 08 Pa
L=316E—-02m
w=01m

The analytical solution is:

F=o0;-L-w=257E+ 06N

For the simulation of Model 25, with a roller rotation speed of 20 rad/s and a plate linear speed of
4 m/s, a simulated reaction force of 2.56E+06 N is obtained.
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Figure 68. Reaction force obtained from numerical model

This shows that the model is obtaining accurate results. For the first pass the reaction force must
remain almost constant. Nevertheless, in some models it may defer because the plate enters the roller with
a certain linear velocity, there are stresses generated by this collision between the plate and the roller in
the dynamic model, which are not taken into account in the case of the results obtained in the analytical
solution. Reaction force is a key variable given that the friction force directly depends on it.

In these metal forming processes there is a high deformation which is produced at a relatively high
speed. The effect of the strain rate is greater for greater strain, and it must be taken into account when
setting up formation processes where large strains are produced in a short period of time, producing
relevant residual stresses in the material. This is because, usually, rolling is carried out hot, so it is necessary
to carry out the process quickly enough before the plate material cools down causing relevant changes in
the mechanical properties of the material. This cooling, if it is not performed at the correct velocity, could
generate residual stresses in the piece.

6.1.2 Thermal behaviour

It has been verified that the heat generation due to friction and deformation, when contact between
the plate and the roller occurs, is directly proportional to the difference between the horizontal
displacement speed of the plate and the tangential speed of the roller at the non-slip point where contact
occurs. If this velocity difference is high, the effect of friction is greater, generating a greater increase in
temperatures on the surface of the plate.

This is due to the fact that the kinetic energy of a moving body is converted into thermal energy as
it encounters resistance. According to the law of conservation of energy, energy can neither be created nor
destroyed. In this process the kinetic energy is converted into heat, which in turn causes the plate to move
into the rollers. Heat is a form of energy that is given by the temperature of the object. This form of energy
is usually transferred between objects through radiation and conduction. In this case, mainly transferred
by conduction from the surface to the bottom of the plate and to the roller.

When changing the angular velocity, it can be seen that the temperature rises linearly in each of the
passes due to the heat generated by the friction. The greater the deformation velocity, the greater the
temperature difference between the first and the second pass. In the second pass, the temperature increases
even more with respect to the first pass, generating a high AT, which indicates that depending on the initial
temperature and the material of the plate, the temperature at the surface of the plate can be above the
melting temperature at some point in the process.
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The same effect is shown when changing the plate linear velocity, for higher difference between
roller tangential velocity at contact point an plate linear velocity, the effect of the friction is higher and thus,
the heat generation is also higher because there is more kinetic energy transformed to thermal energy.

On the other hand, it has been verified that if the horizontal speed of the plate and the rotation
speed of the roller are varied simultaneously, the temperature increase remains constant for each of the
models in the first pass. In the second pass, the temperature increases are greater as process speeds
increase due to the specific effect of linear speed. Since between 1st pass and 2" pass, the slower the
horizontal displacement speed of the plate, the greater is the time for the heat to be transmitted to the
neighbor nodes to the surface of the plate. Therefore, part of the heat generated is dissipated towards
interior nodes so that the temperature increase is greater for slower linear velocity.

The results obtained are satisfactory from an academic point of view. In this project, the objective
was to develop an explicit model with thermal coupling to study how the metal rolling process behaves
depending on the speed at which it is carried out. The results obtained are reasonable to study these
parameters.

In each of the models there are peaks in some magnitudes and specific elements due to the quality
of the mesh, whose dimension is limited by the performance of the computer used for the analysis. However,
the results obtained, from the academic point of view, are suitable to draw certain conclusions and it has
been possible to demonstrate the relevance of the rolling speed during a manufacturing process. Therefore,
it can be confirmed that there is a balance between configuring a simulation fast enough to be carried out
on a mid-range laptop and obtaining results that are relatively accurate and adjusted to a real model.

The use of this type of simulation of manufacturing processes saves material, energy and time in
carrying out experimental tests, but it does not exempt us from them. In order to verify the veracity of these
results, it is necessary to carry out experimental tests, which allow the generation of models and patterns
of behavior to be introduced later into a simulation software to predict the performance of the process for
different scenarios.

6.2 Future work

During the metal forming process, there is a friction between the roller and the metal sheet that
generates heat, producing an increase in temperature both in the roller and in the plate. This increase in
temperature alters the mechanical and thermal behaviour of the material, causing thermal expansion.
Therefore, the best way to approach our case study is using a coupled thermal-mechanical displacement
model.

The control of thermal properties in sheetmetal forming is important to ensure dimensional
accuracy and to minimize energy consumption during the forming operation. Thermal properties of the
sheetmetal material can be adjusted by using different raw materials or by applying heat-treatments to the
sheetmetal during fabrication. The thermal properties of a metallic sheet are influenced by various factors,
including the composition of the alloy, the presence of impurities in the alloy, and the thermal history of the
metal prior to being formed. Metal forming operations such as forging, bending, and deep drawing result in
the formation of permanent residual stresses within the workpiece. These stresses arise from the elastic
and plastic deformations of the workpiece as it is heated by the process of forming. As the process continues,
the material is repeatedly stretched and subsequently compressed by the roller, resulting in the
accumulation of stress inside the workpiece. Once the desired shape has been achieved, these stresses
remain in the part and can cause serious problems with part performance and reliability if the stresses are
not properly controlled during manufacture.
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Furthermore, controling cooling rate is particularly important in processes where material
deformations are severe and tend to cause significant internal heating. In rolling operations involving thick
sheets (i.e., those thicker than about 15 mm), the metal is heated significantly while it is being rolled. It is
therefore necessary to ensure that the temperature drop rate is kept as low as possible in order to avoid
excessive heating of the material during forming. One way to achieve this is by using forced-air cooling
devices that apply a constant flow of air through the surface of the material to cool it rapidly. Another way
to achieve rapid cooling is to use liquids that evaporate quickly, such as water, solvents, or mineral oils.

As future work, it is proposed to simulate the same manufacturing process including material
properties that vary with temperature.
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ANNEXES

ANNEX 1. Steps for model generation

PARTS

Rollers

First of all, rollers are created. In this case, 3D deformable solid is selected as it is intended to create
minimally rigid rollers. The two rollers are created as two independent parts, both with the same
dimensions and properties.
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Figure 69. Roller creation

In order to create the roller, a sketch is created. The sketch consists on two concentric
circumferences to create a toroidal surface.
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Figure 70. Rollers sketch

Part is finally created when the sketch is extruded:
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m Parameters
A D!Q Depth:

2 a‘ + Sketches
- Section: )

H‘ * [ Regenerate on OK
F

Y

A

z X

Edit the feature by using the Edit Feature dialog 2 simuLia

Figure 71. Roller extrussion
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- Plate
New part is created as a 3D deformable solid.

& Abaqus/CAE Model Databiase: CASMUL K Directony\Zseller_steel_meshcor 4_T298.cae [Viewport: | a

Ble Model Viemwon Yew fat Supe Felye ook Plogies Hep K Jei
NEEetd mBRNaEANARE e« LANEBEAIHOD i JiRnIE ST P
e Bt i1 2 34 4 men o R CR.EK
B b
Model  Resuts Modudes [ part o Modet [Tmosert F] par[Fanes  §

5 Model Database Hion ¢ W@

& Models (1) - P
o Bl (e .
Sl Farts ) K1 )
2 ol e
@ otz ,
= Ity | @8 G20 O simmeric
) Festues (1) 5
Wiy sets (1)
s e | | ® Defomaie
i swingers fo by (| Ovosersd e
@ % Section Assignments (1) - O Anshytical rigid -
i 4| | e
B Composite Loyups =43
58 Engineering Festures A =
B Mesh Dﬁl E. 4
05 Meeie !

@5 Sectons (1) o

Modeling Space

Type Options

1B, Instances (3]
W Position Consrsints
P Features (3)
iy s 04)
50 Sufaces (5)
B Connector hssignments
5148 Engineering Features
ok Steps @)
9 Field utput Requests (1)
B2 History Oulpud Requests (1)
|5 Time Points
fle ALE Aduptive Mash Constraints ¥

© G, Interactions @)

@ Interaction Progerties 2] I
8 Contact Controls
AF Contact Initializations

T x
i Cortact Stabilizations
@<]] Canstraints (@)
4B Connecter Sections >
O.F Fds o & siauLia
The jab “Zroller_steel_neshconv_3_T298° has besn created |
bl 02 J5E inpur 131 “2ra)ies_stas) meshoony 3 1233 snp* hes been submitted for snalysis
areel w3 T2387 Analysiz Tnput File Processar conpleted successfully
o3l Job Zroller_steel mesheoav 3 1299, abequs/Explicit Pecksges completed successfully vl

Figure 72. Plate creation

The sketch created is the following:

a

& Abaqus/CAE 2020 - Model Database: CASMULIAVWork Divectony2rolersteel_meshcorw 4 T208.coe [Vewport o
Fle Modtl Viewpor View Edt Add Tools Pugins Hep N _ex
LTdedd mE BENA R EE e ALBANEBAIRTDD [ A N @l @ @@
Lt elea A 12 34 4
Model  Resubs Module £ Pat | modet [T hose1 ] pare[Faneat 1]
5 Model Database Hrmn @ 4 o
48 Moses 1) BN¥oA=! : b
& Mode) v
gl by T I .- . I !
) D3 |
S shen o 1

<

% Section Astignmants (1)
B Grientations
B, Composite Layups
91 Engineering Festures
e Mesh
Bz Matersis @
£ Catinstions
® & Sections [3)
4 Brofiles
= 4B Aty
9185 Istances ) =
W Position Constrants
W& Festures (3)
iy Sers (14)
0 Sufsces (8)
Connector Asignments

18 Engineering Features
Wofl Seeps (2)
& 5 Field Output Requess (1)
32 History Outpust Requests (1)
ki Time Points.
fin ALE Adsptive Mesh Canstrints

BT intesactions (21 [
@B Interackon Properties (2
i Cantact Contrals
{k Contact Intialzations
i Contact Seabilizations
] Constrsints @
Connestor Sections o] ] it the section sketch [Done] 2 siuLin
The job “Zroller_steel_meshcomv_3_T290° hes besn created -
[0 20 R E e I B BT cuomiread tor sentrais.
Job 2roller steel mesheonv 3 1298 Anaiysiz Tnput Fiie Processor conpleted successfally
[ Job Zroller_steel meshcomv 3 T238: Absqus/Explicit Packsger conpleted successfully v

Figure 73. Plate sketch
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Then, the part is extruded with 0.2 m depth:

Meodule: épart E Model: |- Model-1 E Part: [*] sheet E
L
(A
@ i,
D

‘E' H‘h % Edit Feature X

A

Ik

o1
5l || Name: Solid extrude-1

&B&, Parameters
oy [c .

g 1| seerches
=Pl section:

3
7,
[ Regenerate on OK

=
¥

[
B

4= X Edit the feature by using the Edit Feature dislog ;775 SiauLIA

Figure 74. Plate extrussion
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Material

The material created for the plate is steel. Mechanical and thermal properties are defined:

2 Edit Material X | %% Edit Material *
MName: steel Mame: steel I}
Description: » Description: »
Material Behaviors Material Behaviors
Conductivity Conductivity
N | o
Plastic Plastic
Specific Heat Specific Heat
General Mechanical Thermal Electrical/Magnetic  Other ¥ General Mechanical Thermal  Electrical/Magnetic  Other ra
Density Ik Elastic
Distribution: | Uniform V. Type: | Isotropic I ¥ Suboptions
[ Use temperature-dependent data [ Use temperature-dependent data
Nurnber of field variables: 0 MNurnber of field variables: 0's
Data Moduli time scale (for viscoelasticity): | Long-term ™
Maﬂ_s [ No compression
Density X
1 2000 [ No tension
Data
Young's Poisson's
Modulus Ratio
1 210000000000 0.3
OK Cancel oK Cancel
5 Edit Material X | & Edit Material X
Name: steel MName: steel
Description: » Description: »
Material Behaviors Material Behaviors
Density Density
Elastic Elastic
Plasti Plastic
Specific Heat Specific Heat
General  Mechanical Thermal  Electrical/Magnetic  Other & General Mechanical Thermal Electrical/Magnetic  Other >
Plastic Conductivity
Hardening: lsotropic ™ ¥ Suboptions Type: |Isotropic v
[] Use strain-rate-dependent data [[] Use temperature-dependent data
[1Use temperature-dependent data Mumber of field variables: 0
Mumber of field variables: 0 Data
Data Conductivity
Yield Plastic 1 45
Stress Strain
1 200000000 0
2 246000000 0.0235
3 294000000 0.0474
4 374000000 0.0935
5 437000000 04377
6 480000000 018
OK Cancel OK Cancel

Figure 75. Steel mechanical and thermal properties
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a section.

4= Edit Material Py

MName: steel

Description:

Material Behaviors

Conductivity
Density
Elastic
Plastic

General Mechanical Thermal Electrical/Magnetic  Other |

Specific Heat
Type: @) Constant Volume () Constant Pressure
[ Use temperature-dependent data

Number of field variables:
Data
Specific
Heat
1 460
o

Figure 76. Steel mechanical and thermal properties

Material used for the roller is the same as the used for the plate, but increasing the Young modulus

so that it is not deformed during the process. In this case, 10 times the Young modulus of the plate’s steel is
used.

Sections are created for later material asignation. For it, it is selected the section manager to create

Module: [3 Property E Model: |2 Model-1 E Part: [*/ sheet E
1‘ & Section Manager
Flim

> || 4 Edit Section X

Name

roller!

roller2

o)

Solid, Homogeneous

Name: Section-1

Type  Solid, Homogeneous

Eoog(m] com. | [ewme (oo ommin

Figure 77. Plate section creation
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Module: Epmpeny E Model: |- Model-1 E Part: | rollert E

G-I
7z & Section Manoger x y

T‘ Name Type
f'l- Section-1 Solid, Homogeneous 2z .

By
= omogencous

[§3] 4 Edit Section X

5] Name: roller]

Type:  Solid, Homogeneous
[ Plane stress/strain thickness: -
W

,775 SipMuULIA
Figure 78. Roller section creation

Then, material is asigned as a property of the section. This is used to set the material properties of

the each part.
Mndul:EPmpeny M Model [2 Model-1 ] part: F;hm M

7z & Section Assignment Manager X

4 Edit Section Assignment X

i Region
EL[E Region: Set-1 [ . )
‘ Section.

01
% 2 .

- e ismiss ns only secti

wm| | EEZ2

- applicable to the selected regions.
@ Type:  Solid, Homogeneous
g Materiak steel
& Ly

+
S

'y
&

A

13+
RN

Fill out the Edit Section Assignment dizlog 2 simuLia

Figure 79. Material properties assignment
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Module: Evmpany E Model: |- Model-1 E Part: | rollert E

=
@
e

& Section Assignment Manager

Section Name (Type)

Material Name  Region

Type

4 Edit Section Assignment.

Region

Region: roller! [3

Section

Note:

Material: steel-hard

List contains only sections
applicable to the selected regions.

Solid, Homogeneous

4= [3¢] Fill out the Edit Section Assignment dialog

Assembly

Figure 80. Likewise, material is asigned to the roller

First, an instance is created selecting the three parts created:

Module: EAssembly

E| Mudekl:Mode\-1 E| srep:||§\nma\

H

¥

A

2
PS simuLia

z

Create instances from:
@ Parts (O Models

Parts

roller]
roller2
sheet

Instance Type
® Dependent (mesh on part)
O Independent (mesh on instance)

Note: To change a Dependent instance's
mesh, you must edit its part's mesh.

[] Auto-offset from other instances.

4 Create Instance X

Y

A

X

4= 3] select the parts/models to instance from the dialog

Figure 81. Instance creation

2
PS simuLia

Instance translation is used to place the parts in the correct possition for the analysis. Following

transformations are made:

1.

Rotation of the rollers along Y axis 90 deg.
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A

Module: |‘s Assembly | Mad=|:|: Model-1 || sxep:]:lnmm M

A

p’S SIMuULIA
Figure 82. Rotation of the rollers

2. Roller 1: Translate (0,-0.107, 0) (x.y,z)
Roller 2: Translate (0, -0.105, -0.205) (x,5,z)
4. Plate: Translate (0.025, 0, 0.025) (xy,z)

W

Module: [ Assembly || Modek: [< Model-1 | step: [Tnitial ]

2
PS simuLia

Figure 83. Translation of the rollers and the plate
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Reference point associated to the roller is created.

1

£ Abaqus/CAE

[E File Model Viewport View |nstance Constraint Featwe | Jook Plugiing Help N7

steel meshconv_4

LTEwd 2 mBTHEEE N\

Model  Results
£ Model Database
S sheet

3
&
T3
#
-4

S ses (14)

Job 2roller_steel_meshconv_5_T298: Abaqus/Explicit Packsger completed

Job

Jab Zroller_steel
[ Application restarted after

Meshing

Attachment de
TP Assembly defoul St B
Modu Sutace »

HCALEN BEA BT e v PF0

Pthli1 23 44
Modet [T Mode1 ] step [l 1]

Darttion...
¢ Mg Detum.
s ﬂ- Displey Growp >

LEE vewcw  »
B [ cADImtefaces >
e ¢

£
2

B & Festures (1)
5 Solid extrude-1
Secton Sketch
Sy ses ()
st
~ Sutaces
@ Sins

Customize...
Ogtions...

0 Svingers

S & Section Assignments (1)

Section-1 (Sokd, Homogeneous)

B Orentations
B, Comporite Layups

618 Engineering Festures
s Mesh

Materisls 2)

Catibrations

Sections (3)

Profiles

Assernbly

R
by,
=g

A

rollert-1

rolle2-1

sheet-1
W Position Constramts
& Features (3)

Set:2
-

sincdes
bottom
inflow_plate
plate_vel
roller]_refpt
rollerinodes
rolles2_refpt
rollec2nodes
rollers

rollert-1 rollert
rollen2-1.soler2

z

sheet-1 Set-1 v

2roller_stesl_w

w_5_T298. Abaqus/Explicit coapleted
ted success!

A

45 X select point to act as reference point - or enter KY.2Z:

ully
720 ainutes of idle time. the license will be checked within the next 3 ninutes

¥

X

%
25 siauLia
successfully -
successtully

Figure 84. Rollers’ reference point

To mesh the plate and the rollers, we select the module Mesh and seed part s selected. Approximate
global size is adjusted until getting the desired number of elements along the cross section of the part. Mesh
of the rollers and the plate are configured in the same way.

Mnd1w\e:|:Mesh M Modek [~ Model-1 | Object: O Assembly
@ﬂ. % Global Seeds * ¥
L & Sizing Contrels B)
8P [Kpproximate giobal size: | 0.00% <) 2 »

®Part[Tsheet

Curvature control

Maximum deviation factor (0.0 < h/L < 1.0):

(Approximate number of elements per circle: 8)

Minimum size control

@ By fraction of global size (0.0 < min < 1.0)
O By absolute value (0.0 < min < global size)

4= [X| setthe data using the Global Seeds dialog

pa
28 simuLia

Figure 85. Global seeding
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Mesh is created:

Modu\: Modek: [~ Model-1 ] omemonssembry@nam

A

z x
—2!
4[] 0K to mesh the pertz|[ved]| &1 2 simuLia

Figure 86. Plate meshing

Element type is selected. In case of the plate, as well as the roller, Explicit-Coupled Temperature
Displacement linear elements (C3D8T) are used.

Module: Model: [~ Model-1 ] Object: O Assembly ® Part [~ sheet ]
ﬂl [‘L_. 4= Element Type X
EA E Element Library Family

L] ’ OBiandard @ Explicit | Acoustic
v

Cohesive

Geometric Order
@® Linear O Quadratic

Hex  Wedge Tet
[ Reduced integration

Element Cantrols

Analysis type: @ 3D stress O Continuum shell ~
Kinematic split: Average strain () Orthegenal () Centroid

Second-order accuracy: O Yes @ No

Distortion control: @ Use default O Yes O No
Length ratio:
Hourglass contral: (&) Use defautt () Enhanced () Relax stiffness () Stiffness () Viscous () Combined v

C3D8T: An 8-node thermally coupled brick, trilinear displacement and temperature,

Note: To select an element shape for meshing,
select "Mesh-> Controls” from the main menu bar.

Set the data using the Element Type dialog ,‘,-75 SIMULIA

Figure 87. Plate meshing
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A

Figure 88. Mesh of the rollers

Interaction

Interation properties are created, to determine the contact between surfaces. Surface-to-surface
contact is selected and penalty contact method is defined between surface of the rollers and the plate.

s
[ File Model Viewpor \View Interaction Cgnstraint Copnector Special Festwre ook Phugiins Help X? -8 x
- = KX Prla) b Do o R
LEEedt MBRNERANAREE+CARBUEBEAETT O LM AelncsSgece K ChE LR
Leal et i1 2 3 4 &
Ep Aszembly defautt: v () ~
Model  Resuhs Modue [Eimerscion ] Modet [EMose1 ] step o1
5 Motel Databese g +Om
= 48 Modes (1) ~ 4 Edt Interaction x
g W:P‘ & BE Neme: Int-1
arts -
B @ d@ Type  Surface-to-surface contact (Exphc) ‘
& Casibeations 1D Step:  Step-1 (Dynamic, Temp-disp, Explict)
iﬁ:ﬁ:‘ L am § Frtzudsce  mSufl [y -
ot
UAB Ay g § Secondsurfoce 5505 [y
ol Staps @) y B
© 5 Field Output Requests (1) V.
W e £ Stding formultion: ® Finite s5ding () Smel siding
S Tine Points = Clesrance
s ALE Adaptive Mesh Constaints = Note: Clearance can cnly be used with small siing i the ist analyss step.
=B Interactions 2)
£ sutes 1) o
Step-1 (Crested) R
= nt-2
1o Suates (1) om g
Step-1 (Created) 24 3
=5 Interacton Properties (2 A,
s Contactinteraction progerty: Roler-sheet Ve
ol sheet
6 Contact Controls: Vieighting factor @ Use analysis defoutt O Specify
{# Contact Intislzations
L "q‘] :m:‘:;;"“’"‘ Contact controls: Defaul) %
1
oupling.2
8 Connector Sectons o Sancd
F Fields
Py Ampltudes
1 Loads Y
s BC: (7)
# Ls Predefined Fields (1)
[ Remeshing Rules
BE Optimizaton Tasks z X
T Sketches
8 Annatations
S 4§ Analysis
R sobs (3 o« % X Filoutthe Edit Interaction dislog 25 simuLia
The aodel database recovery operation has coapleted
‘A,DDhoengl.z restarted a&lex 106 nnu;:-s of x:ée n-: the license will be checked within the next 3 minutes
arning: Nev nodes or slexents have been to the esh in instance
[ 'shest-1' but sre not included in sny sssembly sets or surfeces v

Figure 89. Interation between the plate and the rollers

Then, interaction properties are configured as Tangential behaviour, with a friction coefficient of 0.3. Heat
generation is set as default:
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Modulel%!muanian j Mnd:l:l;rModeH ~_/] Slep:l'%st:prl ﬂ

=1 ,
2 U

i £ Interaction Property Manager x 4
L@ Mz

& Roller2-sheet Contact

&

/ ;’ 2 .| [Rename..| | Del Dismiss.

- e

e

X

o ./L
1
Y
5 AJ\A %
;775 smmuLiR
Figure 90. Creation of the interation between the plate and the rollers
5 Edit Contact Property x 5 Edit Contact Property k4

Name: Rollerl-sheet

Contact Property Options

Heat Generation E!

MName: Rollerl-sheet
Contact Property Options

Tangential Behavior

Heat Genera

Mechanical Thermal  Electrical Mechanical Thermal  Electrical
Tangential Behavior Heat Generaticn
Friction formulation: | Penalty E” Fraction of dIISSIpEtEd energy caused by friction or electric
currents that is converted to heat:
Friction  Shear Stress  Elastic Slip

Directionality: ® Isotropic (@] Anisotropic (Standard only)
[ Use slip-rate-dependent data

[] Use contact-pressure-dependent data

[] Use temperature-dependent data

Nurnber of field variables:

Friction
Coeff

03

@) Use default (1.0)

O spea 0]

Fraction of converted heat distributed to slave surface:

® Use default (0.5)

Ospects [

Figure 91. Contact properties
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With the purpose of assigning a rotation to the roller, coupling between the all nodes of the rollers
and its reference point is required. Roller nodes are selected as control points and the reference point of
the roller as the master surface.

a

& )
[E) File Model Viewport View Inteaction Constaint Copnector Specal Festure Tools Plugins Help X7 -8 x
= e x a5 r - g P — =
LEEes MBRUERANAREE + LRI EBEASIT O LM @k S0 eoe R CR.E bLE
Lo Felag A1 2 3 4 A
Bp ety et )+
Model  Resus Modute [ ineracion ] Modet[TMoge1 1] step [Foepn 1
& Model Database MsE ¥ E E
= A Modes (1) 3
= Mode1 =1}
@y Parts (3) 4 3 .
= -
¥ 03 Materisls (2) > A
& Cutiiors L % 4 Constraint x B
© % Sections (3) 4 "
o Profiles Lr 3] Nome: coupling 1
48 Assembly - Type  Coupling
ofh Steps () &= § Contelpokt. rabrinodis
Do s owpet gt (1 B onelponts. nodes 1y
B History Output Requests (1) # Sufsce roller]_refpt [y
B4 Time Points =@ Al =
‘oupling type: @ Kinematic
e ALE Adsptive Mesh Constaints =+ Gttty
'8 Interactons 2 X e °
=8 Interaction Propertes 2) O Structural distributing
Roler]-sheet + A Constraimed degrees of freedom:
Rolle2-sheet MR Fur A Gus Burt e Furs
B Contact Controls
i Contact ntiszations o
1 Contact Stabilizations 1 Inflvence radius: ® To cutermost point on the region
=¢]] Constrints @) i O spectty.
Adjust control pints ol on surface
. [ Adjust control p
& Connector Sections CsYs (Global) B A
0 F Fields
P gl oK Cancel
L5 Losds
ol 8Cs ()
# s Predefined Fields (1)
v N
a5
o X Filloutthe Edit Constrset disog 2 SIALIR
Application restarted sfter 106 ainutes of idle time. the license vill be checked vithin the next 3 ninutes
b WERaine ey or olexants have been added to the ance
‘sheat~1 t are not included in any assembly sets or surfaces
3] Applicstion restarted sfter 735 ainutes of idle time. the license will be checked within the next 3 minutes v

Figure 92. Interation properties

Coupling type is selected as “kinematic” and the 6 dof are constrained.

2% Edit Constraint >

Mame: coupling_1
Type:  Coupling b

I Control points: rollerinodes h

[ surface: rollert_refpt [
Coupling type: ®) Kinematic
(O Continuurn distributing
() Structural distributing

Constrained degrees of freedom:

MUl U2 [#1U3 B URT [ UR2 [ UR2

Influence radius: ®) To outermost point on the region

Ospe ||

(] Adjust control points to lie on surface
CSYS (Global) [ L

Ganc

Figure 93. Detailed view of the coupling set up.
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Step definition

Now, the steps for the analysis are set, starting with a low increment to ensure the accuracy of the
analysis.

Modu\elfstep qr‘l/lode\ |: Model-1 | Step: [ZInitial ]

ea 3|

B2 # :
B2/ & Step Manage X

<h -l

— Name Procedure Nigeom Time

- ) : :

w4 Create... Edit. Replace... |Rename. Delete.. Nigeom... Dismiss

oA -
« Tl | S EditStep

X
Name: Step-1 4

Type: inam\cTﬁmErd\sé, aém’]—u

Basic Incrementation Massscaling  Other
Description:

Time period: |0.25

Nigeom: On /"

Cancel

2
25 simuLia

Figure 94. Step definition

Time period selected depends on the linear velocity of the plate. Slower linear velocity will
require longer time period to complete the process.

Mame: Step-1

Type: Dynamic, Temp-disp, Explicit

Basic  Incrementation Mass scaling  Other
Description:

Tirne period: | 0.23

Nigeom: On Ed

Cancel

Figure 95. Step definition
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For these models, no mass scaling is used.

% Edit Step
Mame: Step-1
Type: Dynamic, Temp-disp, Explicit

Basic Mass scaling  Other

Type: ® Automatic ) Fixed

Stable increment estimator: (® Global (O Elernent-by-element
Improved Dt Method:

Max. time increment: @ Unlimited (O Value:

Tirme scaling factor | 1

Cancel

Figure 96. Step definition

5+ Edit Step
Mame: Step-1
Type: Dynamic, Temp-disp, Bxplicit

Basic Incrementation Other

Use scaled mass and "throughout step” definitions
from the previous step

() Use scaling definitions below
Data

. Frequency/ Target Time
Region Type Interval Factor Increment

Cancel

Figure 97. Step definition
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4 Edit Step b4

Mame: Step-1
Type: Dynamic, Temp-disp, Explicit

Basic Incrementation Mass scaling

Linear bulk viscosity parameter:

Quadratic bulk viscosity parameter:

==

Figure 98. Step definition

Boundary conditions

Boundary conditions are stablished. In the following screenshots, it is shown how are they
created:

$

[E File Model Viewport View Load BC PredefinedField lgadCase Featwe Jook Plugins Help X? -8 x
LESEwtt mBSNEERAN\NAIRRE ¢« LBUEA BIT O i el 880 ecokK - Ci.0 LR
LedI P Eslast A1 2 3 4 4
B Ascembly defacts | )~
Model  Results Modute [Z Load ¥ Modet[tode1 [ step[Foeer M
5 Model Databuse H:c v m
o &Y Assembly %
5o Steps @) S8 -] MName. Initial Step-1
8% Field Output Reguests (1) el v Propagated
© 88 History Output Requests (1) | vosc2 Created Propagated
b Tieme Points kb R v 83 Crested Propagated
R ALE Adaptive Mesh Constraints v BG4 Created Propagated
# T Interactions 2) b fzy| |V scs Created.
&5 Interaction Properties (2) 1 v 86 Crested
46 Contact Controls. v BT Crested
i Contact Initislizations e
1 Contact Stabilaations. b
o] Constraints 2) & E‘},
coupling 1 wi
couping 2 A,
B Cormectix Sections: * 5 Create.. Copy-- Renarme... Delete...
© F Felds g
P Ampitudes
s Losds b
ok 8z ()
81
wac2
2803
w84
#8CS
wecs
wecT
4 [y Predefined Freids (1)
Qg Remeshing Rules
IX Optnization Tasks

% Boundary Condition Manager x

Boundary condition status: Created in this step

= B Jobs (5)
2rolles_steel meshconv, 1, 1238 (Completed)

2rolle_steel_meshcony_4_T298 (Terminated) A

2roller_steel_meshconv_5_T298 (Completed)
R AdapiviyProceses
B8 Co-executions %
HE Optination Processes v 25 strauLin

Varning: Nev nodes or elexents have been added to the wesh in instance
‘sheet-1' but are not included in sny sssembly sets or surfeces
Application restarted after 735 ainutes of idle time. the license will be checked within the next 3 minutes
[ Application resterted after 1674 ainutes of idle tine. the license vill be checked vithin the next 3 minutes

Figure 99. Boundary conditions
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% Boundary Condition Manager X
Name Initial Step-1 Edit...

v BC-1 Created Propagated Wiave left
v BC-2 Created Propagated

v’ BC-3 Created Propagated

v BC-4 Created Propagated Activate
v'|BC-5 e DEACEVEtE
v BC-B Created

v’ BC-T Created
Step procedure:
Boundary condition type:  Symmetry/Antisymmetry/Encastre
Boundary condition status: Created in this step

| Create... | | Copy... | |Rename...| | Delete... | | Dismiss |

Figure 100. Boundary conditions

Symetry along Y axis is selected for bottom face of the plate. This means that the plate will not
move downwards when a force is applied to it.

Module: [Load N Modek [ Modet-1 ] step: [Snitial |

=] 4 Boundary Condition Manager x .
[ Name Initial Step-1 Edit...
L v |BC1 i evenes
=l v oBc2 Created Propagated 2 3
v 8ca Crosted Propagted
v BC-4 Created Propagated Atz
v BC-S Created Deactivate
v BCE Created
v BCT Created & Edit Boundary Condition X
Name:  BC-1
Step procedure:
fip ll!!‘ S e— Type:  Symmetry/Antisymmetry/Encastre
, Boundary condition type:  Symmetry/Antisymmetry/Encastre
i ;\ Boundary condition status: Created in this step Step:  Initial
il
Bl R bott
el vor il
I
CSYs: (Glebal) [y L
©) XSYMM (U1 = URZ = URZ = 0)
@ VSYMM (U2 = UR1 = UR3 = 0)
© Z5YMM (U3 = UR = UR2 = 0)
© XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
© VASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard anly)
© ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
() PINNED (U1=U2=U2=0)
O ENCASTRE (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0)
Y
r4 X
/[ X] Fill out the Edit Boundary Condition dialos %
y 9 P25 simuLia

Figure 101. Boundary conditions
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Symmetry is also selected for both lateral faces of the plate to ensure it does not spread at the X
direction and it remains with the same width during the simulation.

Module: [Load M Mode: [ Modet-1 ] step: [Sinitial |

4 Boundary Condition Manager % .
Name Initial Step-1 Edit...
v BC1 Crested Propagated T——
v BC2 ed Propagated 2 %
v oscs I
v BCa Crested Propagated e
v BC-5 Created Deactivate
v BCE Created
v BCT T 4 Edit Boundary Condition X
Name: BC-2
& Step procedure: B . N .
, B!v Boundary condition type: - Symmetry/Antisymmetry/Encastre ype:  Symmetry/Antisymmetry/Encastre
m ;\ Boundary condition status: Created in this step Step:  Initial
P Region: Set2 [y
2000
s CsYS: (Glebal) [3 L
® XSYMM (U1 = UR2 = UR3 = 0)
O VSYMM (U2 = UR1 = UR3 = 0)
O ZSYMM (U3 = UR1 = UR2 = 0)
O XASYMIM (U2 = U3 = URT = 0; Abaqus/Standard only)
©) VASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard anly)
© ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
() PINNED (U1=U2=U2=0)
O ENCASTRE (U1 = U2 = U3 = URT = UR2 = UR3 = 0)
Y
Z X
2
/[ i out the Edit Boundary Condition dialog 2 simuLia
Fjgure 102. Boundary conditions
Module: 5 Load [ Modet: [ Model-1 ™ ] step: [Fmiel )
g & Boundsry Condition Manager % .
Name Initial Step-1 Edit..
v BC1 Created Propagated —
v BC2 Created Propagated 2 %
v scs )
v BC-4 Created Py ted
reate R fevete 2 Edit Boundary Condition X
v BCS Created
Desctivate
v BCS Created Name: BC-3
v BCT Created Type:  Displacement/Rotation
Step: Initial
s :
Step procedure: Region: rollerl_refpt [y
Boundary condition type:  Displacement/Rotation
Boundary condition status: Created in this step 55 (Global) [y L
Bu
HMu
HAuz
Ourt
Fur2
Fur3
Note: The displacement boundary condition
will be reapplied in subsequent steps.
Y
r4 X
Fill out the Edit Boundary Condition dialog 2 simuLia

Figure 103. Boundary conditions
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Module: 2 Load M Modek [ Model-1 [ steps [Zimital

I™ 4 Boundary Condition Manager x .
[ Name Initial Step-1 Edit..
v BCA Created Propagated r—
v BC2 Created Propagated z .
VB3 Crested  Propagated
v BG4 = P oopagated Aeiijie
Tocs cmpag: < = 2 Edit Boundary Condition X
s - reate e N s
BC-6 Created lame: g
v BCT Created Type  Displacement/Rotation
Step:  Inial
Step procedure:
L —— Region: roller2_refpt [y

Boundary condition type: ~ Displacement/Rotation
oy 4 Boundary condition status: Created in this step
+.oh,

#43,

CS¥s: (Global) [y A
Hut
Bz
HMu3
Clurt
M ur
1 urs

Note: The displacement boundary condition
will be reapplied in subsequent steps.

Fill out the Edit Boundary Condition dialog ,775 sipmuLIa

Figure 104. Boundary conditions

Rotation velocity is applied to the rollers:

Module: 2/ Load M Modet [ Mode1 & steps [Fstep1

4 Boundary Condition Manager X .

Name Initial Step-1 Edit...

BC-1 Created Propagated

BC2 Created Propagated 2 %
BC-3 Crested Propagated irloiz Right
Crested Propagated Aeiipies

d
BC-6 Created
BC-7 Created

Desciivaie

AVANE VA UL SR VAN
@
N
IS

Step procedure: Dynamic, Temp-disp, Explicit

Boundary condition type:  Velocity/Angular velocity

4 Edit Boundary Condition x

oy 4 Boundary condition status: Created in this step
+ .,

=05

Name: BC-5

Type  Velocity/Angular velocity
Step:  Step-1 (Dynamic, Temp-disp, Explicit)
Region: rollerl_refpt [

CsYs: (Global) fp L
Distibution: Uniform ]| 1)
ov

or R

Do [

A | redinsftime
Owe [ rdans/time

Oves: radians/time

s

Fill out the Edit Boundary Condition dialog ;775 sSipMuLIA

Fjgure 105. Boundary conditions
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Module:[{]Load M Mode

Model-1 [ step: [Istep1 ]

Step procedure:

Dynamic, Temp-disp, Explicit

Boundary condition type:  Velocity/Angular velocity

Boundary condition status: Created in this step 4 Edit Boundary Condition X
Type  Velocity/Angular velocity
Stepi  Step-1 (Dynamic, Temp-disp, Explicit)
Region: roller?_refpt [

CS¥s: (Global) [y L

Ove

e [—

v

AR radians/time
Owe [ rdansime
v radians/time

Amplitude: | (nstantaneous) | 7

4 Boundary Condition Manager X .
Name Initial Step-1

v BC-1 Created Propagated

v BC-2 Created Propagated x

v BC3 Created Propagated iz gz

v BC4 Created Propagated At

v BCS Created e

v BCS

v BC-T Created

Fill out the Edit Boundary Condition dialog

2
PS simuLia

Figure 106. Boundary conditions

Lineal velocity is applied to the plate in negative Z direction:

Mode-1 | step: [Zstep1

Module: [Load M Modd

Step procedure: Dynamic, Temp-disp, Explicit
Boundary condition type;  Velocity/Angular velocity
Boundary condition status: Created in this step & Edit Boundary Condition x
Name: BC-7
Type  Velocity/Angular velocity
Step:  Step-1 (Dynamic, Temp-disp, Explicit)
Region: inflow_plate [}

Csvs: (Globaly [y L

Distibution: Uniform ] 19
Ov [

e —

ow

Owe [ redansitime

O vrs: radians/time

Ampltude: | (nstantencous) | U

4 Boundary Condition Manager x .
Name Initial Step-1 Edit..

v BCA Created Propagated

v BC2 Created Propagated .

v BC3 Created Propagated YIvERHE

v BC4 Created Propagated e

v BCS Created o

v BC-6 Created

v

Fill out the Edit Boundary Condition dizlog

Figure 107. Boundary conditions
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To provide the whole model an initial temperature, a new set with all nodes is created.

& " "

(2 File Model Viewpor View Load BC PredefinedField LgadCase Featwre Jook Plugeins Help X7
LEesstt mBSHERONAIRDE ¢ LBUEBA BIT O v MR S0 eccoK CR.E LR

LIPtlagt i1 23 44

Ep Aszembly defouits v [l +

Model | Resuts

5 Model Databuse H:c

o s Parts (3)
# B2 Materiaks @)
© Casbrations
# 8% Sections ()
i profiles
S 4§ Assembly
8 Instances (3)
#R Position Constraints
W8 Features (3)
Sy sets (14)
s
-
bottom
nflow_plate

¢

Modute [7 Losd ¥ Modet[Tmose1 [ stepfTmea M

)
(o)
=@
b £2
& Ly
k4

TR
by,
A

A,

|

plate_vel
roller!_refpt
rollerincdes
rolles2 refpt
rollesZnodes
rollers
rollert-1.rolert

oA Suaces (5
8 Connector Assignmants
8 Engineering Festures
#of Steps (2)
5 Field Output Requests (1)
# 2 istory Output Requests (1)
b Tieme Points
fls ALE Adaptive Mesh Constraints
+T nteractions ) Y

5 Interaction Properies (2]
# Contact Controls
1 Contact Initislizstions
1 Contact Stabiizations

#«]] Constraints (2)
B Connector Sections.
© F Fields
Py Ampitudes ¢

#= X Reselect the nodes for the set |indwiduslly 75 simuLia
“sheot-1' but are not included in eny sssembly sets or surfaces -
Application restarted after 73§ ninutes of idle tine. the license vill be checked vithin the next 3 minutes
ication restarted after 1674 xinutes of idle tine: the license vill be checked vithin the next 3 ainutes
o) The =et ‘sllnodes’ has been edited (18558 nodes) v

Figure 108. All nodes set creation

Temperature field for initial temperature is set up.

M Modek [ Modet-1 M steps [Sinitial

() B

L 4 Predefined Field Manager X

Module: [ Load

Name 2'ui|ia| Step-1 Edit...

o [ttty 2 SR prseces e L 2

i1 Step procedure:
Predefined Field type:  Field
Predefined Field status: Created in this step

;.a‘ i 4% Edit Predefined Field X

Name:  initial.t,p

Type:

Step: It
Region: alinodes 3

Distribution: Direct specification Mo

Field variable number:| 1'%

Section variation: Constant through region

= X Fill out the Edit Predefined Field dialog ;;?S simuLiA

Figure 109. Initial temperature definition
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Job

New job is created:

& AvaquicaE2
= Ee
LWEEsstd mB

Vodel  Resute
5 Mode Dutabase

= 48 Models (1)

Model-1

T Pors )

s Matarits @)
& Clbuations

HE Sections [3)
4 Profiles

& A8 Assemmbly

5o Steps )

# 5 Field Ouiput Requests (1

#32 Mistory Output Requests (1)
5 Tiene Points
fim ALE Adepiive Mesh Constraints

T Intesactions 2)

B Interaction Prepertes 2]
# Commact Comrols

F Contact Intalizstions
i Cartact Stbilzations

o] Comstraints 2)
B Comnector Sections

o F Fuds
Py Ampitudes
L Loads

ol BCs (1)

@ L Predafined Fikds (1)
T Remeshing e
B Optmaation Tasks
T Sketches

A Annotstions
2B anlysis

Manager

Fer
Set As Roat
Expend All Under
Collapse Al Under

"shest-1' but are not included in any assembly sets ox surfaces

of idle bime: the License will be checked within the next 3 nintes

Application restavted after 1674 xinutes of idle tine: the license will be checked vwithin the nest ¥ minutes
R . been edited (10559 nodes)

[l |ico1ication restarted af tar 735 ninutes

] The ==t 'sllnodes’ has

Switch Context Crl+Space

AR — P
Mool Viegpot Yoon ob  Adupity_ oreemcution i

IaEE A REE b LI BAGTT e %@ lEkC
eIl A1 23 4 &

Woduie: [Zlob

Pugins belp R

Teols

a0

o Modet [TMoset 1] sep [T M

R I

H=
[ =

Eix

5

e, B s e A4 -
Medl: Mode-1
Anshysis product Absqus/Exphct
Deseription:

Submizsion  Genersl Memory  Pelielizstion  Precsion

Job Type

® Full ansysis

O Recover (Explici

0 Rastant

Run Mode

@ Background O Gueue

Sabrra Time
® immediately
o [ i

o

Co]

>
2 simauLia

Figure 110. Job definition

It is important to use multiple processors with the objective of reducing computing time.

*

& EditJob
Mame: Zroller_steel_meshconv_ 4 T298
Model: Model-1

Analysis product: Abaqus/Explicit

Description:

Submission General Memory Parallelization  Precision
Use multiple processors | 165

s GP on =

Abaqus/Explicit

Number of domains: | 16

Parallelization method: | Domain

Multiprocessing mode: | Default

oK Cancel

Figure 111. Job definition
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Visualization of results

It is checked that the movement that is intended to be performed in the simulation is correct.

Module: [{] Visualization [+] Modek [3]C//SIMULIA/Work Directory2roller_steel_meshcony_4_T288.odb LB o ) ‘ B

.

A

Y ODB: 2roller_steel_meshconv_4_T298.0db 020 Sun Mov 13 14:52:49 GMT+01:00 2022

Step: Step-1
Increment  333812: Step Time = 0.1500

Deformed Var: U Deformation Scale Factor: +1,000e+00

2
25 simuLia

Figure 112. Visualization of results

Using visualization module, results are extracted from each model.
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ANNEX 2.

Mesh convergence analysis results

Annex 2.1 Model 1

e Max PEEQ in timeframe 3

PEEQ

(4vg: 759%)
+1,000e+00
+3.167e-01
+8.333e-01
+7.5008-01
+6.6678-01
+5.833e-01
+5.000e-01
+4.167e-01
+3,333e-01
+2.500e-01
+1.667e-01
+8.3338-02
+0.000e+00

Max: +3.789e-01
Elem: SHEET-1.279
Mode: 499

Min: +2,453e-02
Elem: SHEET-1.5
Node: 7

008: 2roller_stesl_meshconv_1_T298.0dh  Abaqus/Explicit 2020 Sun Nov 13 17:53:21 GMT+01:00 2022 Step-1: 0 Step-1: 20
|

Step: Step-1
Increment  63584: Step Time = 3.7500E-02

Primary Var: PEEQ

Defarmed Var: U Deformation Seale Factor: +1.000e+00

Figure 113. Model 1 PEEQ

e Min RF2in timeframe 3

RF, RF2
+2.000e+06
+1.833e+06
+1.6678+06
+1,5008+06
+1,333e+06
+1.167e+06
+1.000e+06
+8.3338+05
+6.6678+05
+5.000e+05
+3.333e+05
+1.667e+05
+0.000e+00
-1,538e+06

Min: -1.5388+06

Node: ROLLERL-1.5410

a
>

Step-1
oDe: 2roller_steel_meshcony_1_T298.0db  Abaqus/Explicit 2020 Sun Mow 13 17:53:21 GMT+01:00 2022 Step-1:0 Step-1: 20
JEH|

Step: Step-1
Increment 63584 Step Time = 3.7500E-02

Primary var: RF, RF2

Deformed Var: U Deformation Scale Factor: +1.000g+00

Figure 114. Model 1 RF2
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e Max NT11 in timeframe 3

NT11
+1.643e+03
+1,506e+03
+1.369e+03
+1,232e+03
+1.095e+03
+9,584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1,36%9e+02
+0.000e+00
-2.4232e-08

Max: +2.127e+02
Node: SHEET-1.547

Min: -2.432e-08
Node: SHEET-1.85

0DB: zroller_steel_meshconv_1_Teog.odb  Abagus/Explicit 2020 Sun Nov 13 17:53:21 GMT+01:00 2022 Step-1: 0 Step-1: 20
|

Step: Step-1
Increment 63584 Step Time = 3,7500E-02
Primary Var: NTL1

Defarmed var: U Deformation Scale Factor: +1.000e+00

Figure 115. Model 1 NT11

Annex 2.2 Model 2

e Max PEEQ in timeframe 3

PEEQ

(Awg: 75%)
+1,000e+00
+9.167e-01
+8,333e-01
+7.500e-01
+6,667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0,000e+00

Max: +4.237e-01
Elem: SHEET-1.694
Node: 953

Min: +1.941e-02
Elem: SHEET-1.8
Node: 10

0D8: Zroller_steel_meshconv_2_T292.0db  Abaqus/Explicit 2020 Sun WNov 12 19:16:59 GMT+01;00 2022 5(EFL° Step-1: 20

Step: Step-1
Increment  63583: Step Time =  3.7500E-02
Primary Var: PEEQ

Defarmed var: U Deformation Scale Factor: +1.000e+00

Figure 116. Model 2 PEEQ
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e Min RF2in timeframe 3

RF, RF2
+2.0008+06
+1.833e+06
+1.667e+06
+1.500e+06
+1.333e+06
+1.167e+06
+1.000e+06
+8.333e+05
+6.6678+05
+5.000e+05
+3.333e+05
+1.667e+05
+0.000e+00
-1.5758+06

Min: -1.575e+06

Node: ROLLER1-1,5410

¥ ODB: 2raller_steel_meshcoru_2_Teo8.odb  Abaqus/Ewplicit 2020 Sun Now 13 19:16:53 GMT+01:00 2022 ¥
Step-1
Step: Step-1 Step-1: 0 Step-1: 20
z Increment 63583 Step Time = 3.7500E-D2 3 |

Primary var: RF, RF2
Deformed Yar: U Deformation Scale Factor: +1,000e+00

Figure 117. Model 2 RF2

e Max NT11in timeframe 3

NT11
+1.643e+03
+1.5068+03
+1.368e+03
+1.2328+03
+1.085e+03
+9.5842+02
+8.2158+02
+6.8946e+02
+5.4778+02
+4.108e+02
+2.7388+02
+1.369e+02
+0.0002+00
-1.705e-06

Max: +3.179e+02

Node: SHEET-1.1633

Min: -1.705e-06
Node: SHEET-1.45

QDE: 2roller_steel_meshcony_2_T298.0db  Abagus/Explicit 2020 Sun Nov 13 19:16:59 GMT+01:00 2022 Step-1:0 Step-1:20
EH|

Step: Step-1
Increment  63583: Step Time =  3.7500E-02
z X Primary Var: NT11

Deformed var: U Deformation Scale Factor: +1.0008+00

Figure 118. Model 2 NT11
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Annex 2.3 Model 3

e Max PEEQ in timeframe 3

PEEQ

(Avg: 75%)
+1.000e+00
+0.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Max: +4,769e-01

Max: +4.769e-01
Elem: SHEET-1.3197
Node: 4301

Min: +1.360e-02
Elem: SHEET-1.14
Node: 17

ODEB: 2roller_steel_meshconv_3_T298.0db  Abaqus/Explicit 2020  Sun Nov 13 20:43:43 GMT+01:00 2022

Step: Step-1
Increment 63585 Step Time = 3.7500E-02
X Primary Var: PEEQ

Deformed var: U Deformation Scale Factor: +1.000e+00

Figure 119. Model 3 PEEQ

e Min RF2in timeframe 3

RF, RF2
+2,000e+06
+1.833e+06
+1.667e+06
+1.500e+06
+1,333e+06
+1.167e+06
+1.000e+06
+8.333e+05
+6,667e+05
+5.000e+05
+3,333e+05
+1.667e+05
+0.000e+00
-16158+06

Min: -1.615e+06

Node: ROLLER1-1,5410

Y QDB: 2roller_steel_meshconv_3_T298,0db  abaqus/Explicit 2020 Sun Nov 12 20:43:43 GMT+01:00 2022

| Step: Step-1
z Increment  63585: Step Time = 3.7500E-02

Primary Var: RF, RF2
Deformed Var: U Deformation Scale Factor: +1,000e+00

Figure 120. Model 3 RF2
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e Max NT11 in timeframe 3

NT11
+1.643e+03
+1.506e+03
+1.360e+03
+1.232+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00

Max: +4.372e+02

Node: SHEET-1.601

Min: +0.000e+00

Node: SHEET-1.1

Step-1
ODB: 2roller_steel_meshconv_3_T298.0db  Abaqus/Explicit 2020 Sun Nov 13 20:43:43 GMT+01:00 2022 Step-1:0 Step-1: 20
5 |

Step: Step-1
Increment 63585 Step Time = 3.7500E-02
Primary Var: NT11

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 121. Model 3 NT11

Annex 2.4 Model 4

e Max PEEQ in timeframe 3

PEEQ
(Avg: 75%)
+1.000e+00 Max; +4,641e-01

+0.0002+00

Max: +4.641e-01
Elem: SHEET-1.5741
Node: 7021

Min: +7.694e-03
Elem: SHEET-1.4090
Node: 5003

Step-1
ODB: 2roller_steel_meshconv_4_T298.0db  Abaqus/Explicit 2020 Mon Nov 21 19:58:40 GMT+01:00 2022 Step-1:0 Step-1: 20
EH|

Step: Step-1
Increment ~ 76175: Step Time = 3.7S00E-02
Primary Var: PEEQ

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 122. Model 4 PEEQ

115



Simulation of Metal Rolling Process
Miguel Dominguez Garcia

Universidad
Europea

Min RF2 in timeframe 3

RF, RF2
+2.000e+06
+1.833e+06
+1.667e+06
+1.500e+06
+1.333e+06
+1.167e+06
+1,000¢+06
+8.333e+05
+6.667e+05
+5.000e+05
+3.333e+05
+1.6678+05
+0.000e+00
-1.622e+06

Min: -1.622e+06

Mode: ROLLER1-1,5410

ODE: Zroller_steel_meshconv_4_T208.0db  Abagus/Explicit 2020  Maon Nov 21 19:58:40 GMT+01:00 2022 =
Step-1

Step: Step-1 Step-1:0

Increment 76175 Step Time = 3,7500E-02 3 |

Primary Yar: RF, RF2
Deformed Yar: U Deformation Scale Factor: +1,000e+00

Figure 123. Model 4 RF2

Max NT11 in timeframe 3

NT11
+1.6432+03
+1.5062+03
+1.369e+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.2152+02
+6.8460+02
+5.4772+402
+4.108e+02
+2.7382+02
+1.369e+02
+0.0002+00

809e-05

Max: +5.401e+02

Node: SHEET-1.1507

Min: -3.809e-05
Node: SHEET-1.121

Step-1
ODB: 2roller_steel_meshconv_4_T298.0db  Abaqus/Explicit 2020  Mon Nov 21 19:58:40 GMT+01:00 2022 5 Step-1:0
F|

Step: Step-1
Increment  76175: Step Time = 3.7500E-02

Primary Var: NT11

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 124. Model 4 NT11
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Annex 2.5 Model 5

e Max PEEQ in timeframe 3

PEEQ 2

(Avg: 759%) 1
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Max: +4.724e-01
Elem: SHEET-1.7171
Node: 8506

Min: +1.144e-02
Elem: SHEET-1.5250
Node: 6229

Step-1

ODB: 2roller_steel_meshconv_5_T298.0db  Abaqus/Explicit 2020 Sun Nov 13 22:59:20 GMT+01:00 2022 Step-1: 20

Step: Step-1
Increment  91340: Step Time = 3.7500E-02

z x  Primary Var: PEEQ
Deformed Var: U Deformation Scale Factor: +1,000e+00

Figure 125. Model 5 PEEQ

e Min RF2in timeframe 3

RF, RF2
+2,000e+06
+1.833e+06
+1.667e+06
+1.500e+06
+1.333e+06
+1.167e+06
+1.000e+06
+8.333e+05
+6.6672+05
+5.000e+05
+3.333e+05
+1.6672+05
+0.000e+00
-1.5588+06

Min: -1,558e+06

Node: ROLLER1-1.5410

Y ODE: Zroller_steel_meshconv_5_T298.0db  Abagus/Explicit 2020 Sun Nov 13 22:59:20 GMT+01:00 2022 ¥
Step-1
Step: Step-1 ) Step-1:0 Step-1: 20
z Increment 91340: Step Time = 3.7500E-02 3 N |

Primary \ar: RF, RF2
Deformed Var: U Deformation Scale Factor: +1,000e+00

Figure 126. Model 5 RF2
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e Max NT11 in timeframe 3

NT11
+1.6432+03
+1.506e+03
+1.3692+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00
-1.065e-04

Max: +6.431e+02
Node: SHEET-1.2409

Min: -1.065e-04
Node: SHEET-1.162

+6.431e+02

Step-1
3 ODB: 2roller_steel_meshconv_5_T298.0db  Abaqus/Explicit 2020 Sun Nov 13 22:59:20 GMT+01:00 2022 3 Step-1:0 Step-1: 20
|
Step: Step-1
Increment  91340: Step Time = 3.7500E-02
2 x Primary Var: NT11

Deformed var: U Deformation Scale Factor: +1.000e+00

Figure 127. Model 5 NT11

Annex 2.6 Model 6

e Max PEEQ in timeframe 3

PEEQ

(Avg: 75%)
+1.000e+00

+9.167e-01

+0.0002+00

Max;: +4,922e-01
Elem: SHEET-1.12002
Node: 14953

Min: +5.831e-03
Elem: SHEET-1.12103

Node: 14023
" ODB: 2roller_steel_meshconv_6_T298.0db  Abaqus/Explicit 2020  Mon Nov 21 23:29:36 GMT+01:00 2022 o Step-1:0 Step-1:15
S |
Step: Step-1
Increment 108758: Step Time = 3.7500E-02
7 % Primary Var: PEEQ

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 128. Model 6 PEEQ
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frame 3

RF2 in time

Min

RF, RF2

-1.603e+06

Min;

Node: ROLLER1-1.5410

Mon Nov 21 23:29:36 GMT+01:00 2022

Abagus/Explicit 2020

ODB: Zroller_steel_meshconv_6_T298. odb

Step-1

Step: Step-1
Increment

Step-1: 15

Step-1: 0

3.7500E-02

108758: Step Time
Deformed Yart U Deformation Scale Factor: +1.0002+00

Primary var: RF, RF2

9. Model 6 RF2

12

Figure

timeframe 3

Max NT11 in

NT11

108e+02

7.652e+02

Max: +

Node: SHEET-1.3993
Min: +0.000e+00

Node: SHEET-1.1

a

Mon Nov 21 23:29:36 GMT+01:00 2022

Abaqus/Explicit 2020

T298.0db

ODB: 2roller_steel_meshconv.,

Step: Step-1
Increment

3.7500E-02

108758: Step Time

Deformed var: U Deformation Scale Factor: +1.000e+00

Primary Var: NT11

Figure 130. Model 6 NT11
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Annex 2.7 Model 7

Max PEEQ in timeframe 3

.ﬁ\.
X
(XX

X

VA
)

X
.mm? mm,«% XD
R
AR XX
X0
0 2
O
00
QRO
o
0K

.
K
XORRXKS

O
X

u R
SR
KO

f“%

00K

AR

AR
Q00
(X
R
()
% ...“...:
R

:o'f.a
AKX

R
S

QOANK
AR
'¢.,..A,“."."..
XX
X
SRR .......
W
RO
R,
O
RO
O “%o» AXX

X
e

e

KX

(X
.

X

W,

o

4%
X

(0
XN

+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01

(Avg: 75%)

PEEQ

+1.667e-01

|

+8.333e-02
+0.000e+00

Elem: SHEET-1.23017

Max: +4.846e-01
Node: 26209
Min: +9.004e-03

Elem: SHEET-1.66

Node: 74

Tue Nov 22 21:18:28 GMT+01:00 2022

Abaqus/Explicit 2020

0DB: 2roller_steel_meshconv_7_T298.0db

Step: Step-1
Increment

3.7500E-02

124169: Step Time

Primary Var: PEEQ
Deformed Va

: U Deformation Scale Factor: +1.000e+00

Figure 131. Model 7 PEEQ

Min RF2 in timeframe 3

+2.,000e+06
+1.833e+06
+1.667e+06
+1.500e+06
+1,333e+06
+1.167e+06
+1.,000e+06
+8.333e+05
+56.667e+05
+5.000e+05
+3.333e+05
+1.667e+05
+0.000e+00
-1.579e+06

-1.579e+06

RF, RF2

%

iin

Hode: ROLLER1-1,5410

Tue Mov 22 21:18:28 GMT+01:00 2022

Abagus/Explicit 2020

ODB: 2raller_steel_meshconw_7_T298.adb

Step: Step-1
Increment

= 3.7500E-02

124169: Step Time

Deformed Var: U Deformation Scale Factor: +1,000e+00

Primary ‘ar: RF, RF2Z

Figure 132. Model 7 RF2
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e Max NT11 in timeframe 3

NT11
+1.643e+03
+1.506e+03
+1.369e+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00
-2.166e-06

Max: +8.426e+02
Node: SHEET-1.3601

Min: -2.166e-06
Node: SHEET-1.289

ODB: 2roller_steel_meshconv_7_T298.0db  Abaqus/Explicit 2020 Step-1: 12

Step: Step-1
Increment  124169: Step Time = 3.7500E-02
7 5 Primary Var: NT11

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 133. Model 7 NT11

Tue Nov 22 21:18:28 GMT+01:00 2022 Step-1:0
JHT |
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Annex 3 Temperature for mesh convergence analysis

With the purpose of having comparable results and avoiding to select nodes with temperature
peaks due to model imperfections, it is selected a node with a location similar to the maximum nodal
temperature location for model 1 and model 2. Following the screenshots with the node selected, the
temperature corresponding to that node and the distance from the selected node to a corner of the plate to
prove that the position of the selected node is similar. Please note that, as the mesh is changed for each
analysis, it is not possible to take a point exactly with the same location.

NT11

+1.643e+03
+1.506e+03
+1.369e+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00
-2.432e-08

Max: +2.127e+02

Node: SHEET-1.547
Min: 32.432 . orollér_steel_meshconv_1_T298.0db  Abaqus/Explicit 2020  Sun Nov 13 17:53:21 GMT+01:00 20

Nogh, SHEETtep 88tep) T

Z Increment| 63584 Step Time = 3.7500E-02

Step-1: 0 Step-1: 20
JET

Figure 134. Maximum nodal temperature location for model 1

NT11

+1.643e+03
+1.506e+03
+1.369e+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00
-1.705e-06

Max: +3.179e+02
Node: SHEET-1.1633

Min: Y1.705
’S'c; 'I '-SHEedE%: 2roller_steel_meshconv_2_T298.0db Abaqus/Explicit 2020 Sun Nov 13 19:16:59 GMT+01:00 20
Z

5 Frame Selector X

Step-1
Step-1: 0 Step-1: 20
i R

Bteb4Step-
Increment | 63583: Step Time = 3.7500E-02

Figure 135. Maximum nodal temperature location for model 2
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NT11

+1.643e+03
+1.506e+03
+1.369e+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00

Max: +4.372e+02
Node: SHEET-1.601
Min: ¢0.000e+00

Nodg: SHEEFBB12rolle
Step: Stept1~
Z X Increment

#0E 7500E-02

Figure 136. Model 3

-1'; Probe Values
Field Output...
o Step: 1, Step-1 Frame: 3
2 Field output variable for Probe: NT11
Probe Values
(@) Select from viewport (O Key-in label (O Select a display group

Probe: | Nodes | Components: | Selected v,

Step-1: 0 Step-1: 20
EiEl

rodb  Abaqus/Explicit 2020 Sun Nov 13 20:43:43 GMT+01:00 20

Value for NT11:
[T Partinstance NodelD Orig. Coords Def.Coords Attached elements NT11

[0 SHEET-1 3611 0.05, 0.02, 0.151 0.0500244, 0.0 2661, 2657, 2821, 2817 397.472

Note: Click on respective check button to annotate values in viewer

Write to File... Cancel

Figure 137. Model 3

NT11

+1.643e+03
+1.506e+03
+1.369e+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00
-3.809e-05

Max: +5.401e+02
Node: SHEET-1.1507

Y

Min: 23.809¢HdB . Srollef
No‘glk‘
£

, SHEETreh 18tep-
X Increment | 76175: Step Tin

3.7500E-02

Figure 138. Model 4
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¢ Probe Values
Field Output...
ofh Step: 1, Step-1 Frame: 3

B2 Field output variable for Probe: NT11

Probe Values

(®) Select from viewport (O Key-in label () Select a display group

Probe: Nodes | Components:  Selected

1%

Value for NT11:
[T PartInstance
[0 SHEET-1 6625

Node ID  Orig. Coords Def. Coords Attached elements NT11

0.051, 0.02, 0.14 0.0510919, 0.0 5166, 5416, 5411, 5161 475.114

Note: Click on respective check button to annotate values in viewer

Write to File...

Cancel

Figure 139. Temperature in model 4
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in
[3) File Model Viewport View Result Plot Animate Report Options Tools Plug-ins Help A? - & x|
LEEmEd MBENEEANAREE ¢ CCLEBUNEBEA FITT @ ;N MBI @R i a o
3 3 = . & e zZ_ov__ve !
= § B o K| BB F st 22T A 1 2 3 4 A Bmpimay Vv RN
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jode
Session Data B i
5@ output| | A" Coa | | NT11
83 2ol |MSP e +1.643e+03
g 5 o | Gement i g +1.506e+03
e e B, Hi3eseies
@(3) 2rolle prop u +1.232e+03
: 5@ Element face normal L‘ = +1.095e+03
g g u. +9.584e+02
) 2rolle Sy, § +8.215e+02
29 2roll A A +6.846e+02
3 (3 2rolie ‘53, = +5.477e+02
5 £ Model 0 1% +4.108e+02
§M°d’1 g & +2.738e+02
odel- - +1.369e+02
7 0 Spectrut v alzation Module Queries | £ =5 +0.000e+00
B8 XYPlots 'ﬁﬁ( i‘: -1.065e-04
[ xvata |Probevalues & 8 Max: +6.431e+02 Step-1:0 Step-1:20
[L Paths | Stress linearization s g‘ Node: SHEET-1.2409 i
55,y Display| | Active elements o el
g.‘ Free Bo¢ | Active nodes [ﬂ P 4 rollen _steel_meshconv_5 N Sun Nov 13 22:59:20 GMT+01:00 20
3 g 1850p-
@ Streams | P stackplot o AP Increment | 91340: Step Time =
I Movies iy
Images 4= X/ Select the first node for the distance calculation |SHEET-1  ~ 10004 25 simuLia
Nodes for distance: SHEET-1.11775, SHEET-1.10004 ~
E] 1 3 Magnitude
Base distance 1.72414e-02, 0.00000e+00, -1.29825e-01. 1.30964e-01
@ Scal 1.00000e+00. 1.00000e+00, 1.00000e+00. -
Deformed distance (unscaled) 1.73152e-02, -3.86614e-03. —1.40507e-01. 1.41623e-01
Deformed distance (scaled) 1.73152e-02. -3.86614e-03. -1.40507e-01. 1.41623e-01
Relative displacement (unscaled): 7.38665e-05. -3 86614e-03. -1.06824e-02. 1.13607e-02
v
Figure 140. Model 5
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4 Probe Values
Field Output...
o Step: 1, Step-1 Frame: 3

«#. Field output variable for Probe:

B2 Field pi iable for Probe: NT11

Probe Values

@ Select from viewport O Key-in label O Select a display group

Probe: [Nodes ™| Components: |Selected ™

Value for NT11: 0

[”  Part Instance
SHEET-1
SHEET-1

Node ID  Orig. Coords Def. Coords Attached elements NT11
5281 0.0901724, 0.( 0.0897573, 0 4449, 4107, 4448,410

O 10004 0.0522414, 0.02, 0.0523152, 0.0 8089, 8431, 8425, 8083 519.398

Note: Click on respective check button to annotate values in viewer

Write to File... Cancel

Figure 141. Model 5

a
*
[3) File Model Viewport View Resut Plot Animate Report Options Jools Plug-ins Help R? - & x|
LEE=sEE MmBRHREANAIREE ¢ CCLBUEA AIDI @ [ N VR @i a o
@ oK) R TP 1 2 3 4 Aldmpimay Mam b Vs
a
@ Query X |: 8 Visualization defautts 1| P ~
S [TE |ttt Module: [2 Visualization || Modek: [Z C:/SIMULIA/Work Directory/2roller_steel_meshconv_6_T298.0db 1 a4 b FTEHD
Node
S8 Output | Angle | NT11
5 2ol |Mesh +1.643e+03
93 2ol | Element 1130850703
() 2roll | Mess properties +1.232e+03
() 2roll | Element face normal +1.095e+03
33 2r0ll +9.584e+02
3 20 +8.215e+02
1] 2o +6.846e+02
53 2roll +§.4(7)273e+8%
+4.108e+
& Modell +2.738e+02
8 Modety +1.369e+02
o Specrs L oation Module Queries +0,000e+00
B XvPlots Max: +7.652e+02
B8 xvData | Probe values Node: SHEET-1.3993 Step-1:0 Step-1:15
Stress linearization -l
;,' Free 84 || Active nodes NOZ' SHEﬁgtE)Bz%Eolle rsteel_meshc%;’/_rﬁ 5 Abaqus/Explicit 2020 Mon Nov 21 23:29:36 GMT+01:00 24
- ep: Step- 0.
=Sueam: Ply stack plot o AR Increment  108758: Step Time = 3.7500E-02
Movies .
Images 4= [X Select the first node for the distance calculation |SHEET-1 | 20737 2 simuLia
Nodes for distance: SHEET-1.18809, SHEET-1.20737 3 = G 2 ~
1 [agni tude
et tisecs St UHi M e
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M e fmejoenton SRR THERE CHETE iy
Ornt istance (sca =% e-02, e-03, e-01, 470e-01
Relative displacement (unscaled): -2.92812e-05. 3.99420e-03. 1.05866e-02. 1.13151e-02
v
Figure 142. Model 6
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NT11

+1.643e+03
+1.506e+03
+1.369e+03
+1.232e+03
+1.095e+03
+9.584e+02
+8.215e+02
+6.846e+02
+5.477e+02
+4.108e+02
+2.738e+02
+1.369e+02
+0.000e+00

Max: +7.652e+02
Node: SHEET-1.3993
Min: ¢-0.000e+00

Nodeg: SHEEIBB 1 2roller
Step: Step-
Z X Increment 108758 {vitep-DiD

O/ S00E-02

Figure 143. Model 6

# Probe Values
Field Output...
ofa Step: 1, Step-1 Frame: 3
B2 Field output variable for Probe: NT11
p
Probe Values
@ Select from viewport (O Key-in label O Select a display group

Probe: |Nodes ~ Components: |Selected

Step-1: 0
el

Step-1: 15

Abaqus/Explicit 2020 Mon Nov 21 23:29:36 GMT+01:00 2(

Value for NT11: 619.335
[T Partinstance NodelD Orig.Coords Def.Coords Attached elements NT11
SHEET-1 18809 0.0461111, 0.( 0.0461404, 0 16234, 15737, 16221 619.335
[0 SHEET-1 18809 0.0461111, 0.02, 0.0461404, 0.0 16234, 15737, 16227, 1 619.335

Note: Click on respective check button to annotate values in viewer

Write to File... Cancel

Figure 144. Model 6
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4 Abaqus/CAE 2020 - Model Database: CASIMULIA\Work Directory\2roller_steel meshconv_4_T298.cae [Viewport: 1] - o X
[Z) File Model Viewport View Resut Plot Animate Report Options Tools Plug-ins Help X? -8 x
— P Pe— - == 7 "
LDEEmEE MmBEIEEANAIREE G CCLEBNEA ETTT @ [N VRE @R e a o
— »e o K| BB L T e T A 1 2 3 4 Alidmpimay v |
= £2 Visualization defaults v [ ~
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e | Pl Module: |3 Visualization | Model: |+ C:/SIMULIA/Work Directory/2roller_steel_meshconv_7_T298.0db Wa b BED
Node ~
Sesion Ot 8
Trre o
& Output | Angle NT11
a:‘;l ol | Mesh % +1.643e+03
5 2roll | Element BB +1.506e+03
O B Eay +1.369e+03
#(3) 2rol| | Mass properties pa ) +1.232e+03
5 () 2roll | Element face normal & +1.095e+03
il a x +9.584e+02
3 2ol S = +8.2156+02
413 2roll +6.846e+02
O 2 +5.477e+02
£ Model| +4.108e+02
| +2.738e+02
u' ode} +1.369e+02
i & is::: Visualization Module Queries _*29'105605_620
BB XYData | Probevalues Max: +8.426e+02 Step-1: 12
L, Paths Stress linearization s o Node: SHEET-1.3601 N |
= Active elements al..... Y5 i/
# g Display Min: 52.166 By 2 2 |
, ; 1Y) - o ; 2rollen_steel_meshconv_7_T298. Abaqus/Explicit 2020 Tue Nov 22 21:18:28 GMT+01:00 20|
B FreeBo |Active nodes === Nogk, SHEETrep 28%ep-[
& Stream; | Ply stack plot o z X __Increment | 124169: Step Time = 3.7500E-02
L Movies Hai =
Images #= X Select the first node for the distance calculation |SHEET-1 [ 75 simuLia
Nodes for distance: SHEET-1.25984, SHEET-1.29161 ~
1 2 3 Magnitude
Base distance -1.25000e-02, 0.00000e+00, 1.30000e-01, 1.30600e-01
Scale 1.00000e+00, 1.00000e+00. 1.00000e+00 -
Deformed distance (unscaled) -1.25395e-02. 3.94087e-03. 1.40330e-01. 1.40944e-01
Deformed distance (scaled) -1.25395e-02. 3.94087e-03. 1.40330e-01. 1.40944e-01
Relative displacement (unscaled): -3.95358e-05. 3.94087e-03, 1.03296e-02. 1.10559e-02
v
Figure 145. Model 7

+1.643e+03
+1.369e+ : 2 . y
+1.232e403 e +02
+1.0956+03
+9.5846+02
+8.215e+02
+6.846e+02
+5.4776+02
+4.108e+02
+2.738e402
+1.3696+02
+0.0006+00
-2.166e-06

Max: +8.426e+02
NOdYe: SHEET-1.3601

Min: 22.166 . 2rollert_steel_meshconv_7
Nogk, SHEETteh 28%ep- [
A X __Increment | 124169: Step Time = 3.

Step-1: 0
|

Step-1: 12

Paqus/Explicit 2020 Tue Nov 22 21:18:28 GMT+01:00 20;
JOE-02

Figure 146. Model 7
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¢ Probe Values
Field Output...
ofa Step: 1, Step-1 Frame: 3
B2 Field output variable for Probe: NT11
Probe Values
(@ Select from viewport (O Key-in label O Select a display group

Probe: |Nodes  ~ Components: |Selected v

Value for NT11:
[T Partinstance NodelD Orig.Coords Def.Coords Attached elements NT11

[0 SHEET-1 25984 0.0475, 0.02, 0.1 0.0475395, 0.0 22817, 22177, 22809, 2 630.416

Note: Click on respective check button to annotate values in viewer

Write to File... Cancel

Figure 147. Model 7
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Annex 4 Rigid solid roller model creation

Roller part is created as 3D discrete rigid:

= Create Part >

Mame: | Roller é

Modeling Space

@30 (2D Planar () Axisymmetric

Type Options
O Deformable
(®) Discrete rigid
O Analytical rigid
(O Eulerian

Mone available

Base Feature
Shape Type
() Solid Planar

oo

Revolution

O Wire
Sweep
() Peint
¥

- z x

Figure 148. Roller part

Sketch created is a circumference of 0.25 m radious and 0.15 m extrusion to create a roller
comparable to the one of the deformable model.

Second roller is created similarly as the first one. Then, parts are translated to obtain the following
assembly:

Figure 149. Assembly
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Roller is meshed with discrete rigid elements R3D4:
X

%+ Element Type

Element Library Family
(O Standard (@) Explicit Discrete Rigid Element

Geometric Order

@) Linear Quadratic

Quad  Tri

Element Controls
There are no applicable element contrels for these settings,

R3D4: A4-node 3-D bilinear rigid quadrilateral.

Mote: To select an element shape for meshing,

select "Mesh-» Controls” from the main menu bar.

Figure 150. Roller mesh element type

-

Figure 151. Roller mesh

Plate is meshed with explicit 3D stress deformable elements:
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4 Flement Type

Element Library
Ofitandard @ Explicit

Acoustic

Geometric Order Cohesive

® Linear O Quadratic Continuum Shell

Hex  Wedge Tet
[~ Reduced integration [] Incompatible modes

Element Controls

Kinematic split: @) Average strain (O Orthegonal (O Centroid -
Secand-order accuracy: (O Yes @ No
Distortion control: @ Use default (O Yes (O No

Length ratio:

Hourglass control: (®) Use default (O Enhanced (O Relax stiffness (O Stiffness (O Viscous (O Combined

-

Stiffness-viscous weight factor:

C3D8R: An 2-node linear brick, reduced integration, hourglass control.

Note: To select an element shape for meshing,
select "Mesh-> Controls” from the main menu bar.

Figure 152. Plate mesh element type

Figure 153. Plate mesh
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Annex 5

Measeure of the plate thickness after the first pass.
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Figure 154. Plate thickness after the first pass

Measeure of the plate thickness after the second pass.
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Figure 155. Plate thickness after the second pass

132

Probe values ~
L & F

ep-1

Step-1: 0 Step-1: 20 SMT+01:00 2023
|

%
25 simuLia

A



Simulation of Metal Rolling Process Universidad
Miguel Dominguez Garcia Europea

Length measure after the second pass:
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Figure 156. Plate length after the second pass
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APPENDIX

R2 definition

In statistics, the coefficient of determination, called R? and pronounced R squared, is a statistical
coefficient used in the context of a statistical model whose main purpose is to predict future results or test
a hypothesis. The coefficient determines the quality of the model to replicate the results, and the proportion
of variation of the results that can be explained by the model. [35]

There are several different definitions for R? that are sometimes equivalent. The most common
refer to linear regression. In this case, the R? is simply the square of the Pearson correlation coefficient. The
closer the value of R2 gets to 1, the better the trend line fit would be.

To calculate the pearson coefficient, the covariance would first have to be obtained. Covariance is a
measure of the tendency of two variables to vary together. If we have two series, X and Y, their deviations
from the mean are: [36]

dx; = x; — px

dy; =y, — ny

Where pX is the mean of X and pY is the mean of Y. If X and Y vary together, their deviations tend to
have the same sign. If we multiply them together, the product is positive when the deviations have the same
sign and negative when they have the opposite sign. So adding up the products gives a measure of the
tendency to vary together. Covariance is the mean of these products:

1
Cov(X,Y) = gi‘,dxidyi

Where n is the length of the two series (they have to be the same length). Covariance is useful in
some computations, but it is seldom reported as a summary statistic because it is hard to interpret. Among
other problems, its units are the product of the units of X and Y. So the covariance of weight and height
might be in units of kilogram-meters, which doesn’t mean much.

One solution to this problem is to divide the deviations by o, which yields normal scores, and
compute the product of normal scores:

(g =) (i — py)
h Oy Oy

i

This value is called Pearson’s correlation after Karl Pearson, an influential early statistician. It is
easy to compute and easy to interpret. Because normal scores are dimensionless, so is p. Also, the result is
necessarily between -1 and +1. To see why, we can rewrite p by factoring out oX and oY:

_ Cov(X,Y)

04Oy
R2 is the square of the Pearson coefficient:

_ Cov*(X,Y)

2
R 0202
xOy
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