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ABSTRACT

The aim of this thesis is to model the extrusion process conditions for some
aluminium alloys using Finite Element Modelling (FEM) program.

All the simulations were performed with the implicit finite element code FORGE2®
(2-D) and FORGE3® (3-D). In this work only the alloys AA2024, AA2014, Al-
1%Cu and AA6063 where experimental work is available were considered.

The FORGE2® program was used to investigate and select an appropriate flow
stress constitutive equation to describe the material behaviour to model the

process conditions. The extrusion pressure and the temperature rise were
predicted and the pressure-displacement trace and the events which take place in
the deformed material during the extrusion process were also simulated. The
effect of the initial billet temperature on friction, and the extent of the surface zone
affected by surface friction and the consequence changes in material flow were
Investigated. The changes in the subgrain size during quasi-static deformation
were predicted. This allows a construction of velocity-displacement profiles which

would ensure consistent properties over the length of the extrudate.

The FORGE3® program was used to simulate the effect of changing the die
geometry on material flow during extrusion for rod, shapes and tube extrusion and
the effect of the initial temperature on the deformation zone. The load required,
temperature evolution, surface formation of the extrudate and material flow during

the process, were also predicted. These included solid sections and the
production of tubes using bridge die.

Two most commonly used constitutive flow stress equations, the Zener-Hollomon
and the Norton-Hoff were analysed and compared with experimental resuits. It
was found that the Zener-Hollomon relationship provided a better representation
of the experimental flow stress under high working conditions than the Norton-



Hoff relationship. FEM has been successfully applied to model the deformation
patterns In the load/displacement traces and temperature evolution during the
extrusion cycle. The effect of the initial billet temperature on the deformation zone
pattern and its consequent effect on friction using both numerical simulation and
experimental work are presented. A specific function relationship to measure
directly interfacial friction under conditions approaching those encountered in the
quasi-static deformation process is described. The results revealed that the
friction factor increases with increase in initial billet temperature and varies during
the extrusion cycle. The dead metal zone (DMZ) is observed to vary in form and
has a greater volume at high temperatures. FEM proved to be a very effective
and efficient way to design the ram speed profile to control the extrudate
properties. The control of the properties of the extrudate under a constant (£)
parameter resulted in a more uniform distribution of the subgrain size across and
along the extrudate cross-section. Furthermore, the speed profile under constant
Z conditions resulted in an improved extrusion speed and hence greater
productivity coupled with better control of the subgrain size and the exit
temperature. This new extrusion process is termed iso-Z Extrusion, and is
considered an improvement on Iso-Thermal extrusion.

The usefulness and the limitation of FEM when modelling complex shapes are
discussed. Methods to assess the difficulty of hollow and section shapes are
presented. The work also illustrates the essentials of numerical analysis in the
comprehension of the thermo-mechanical events occurring during extrusion
through bridge and shape dies. Results are presented for velocity distribution in
the extrusion chamber, Iso-temperature contours and pressure/displacement
traces. It is shown that for most of the shapes investigated, the material making
up the extrudate cross-sections originated from virgin material within the billet.
The outside surface of the extrudate originates from the material moving along the
DMZ and the core of the extrudate from the central deformation zone. When
simulating tube extrusion, it is shown that the FE program is able to predict the
pressure requirements: the pressure/displacement trace showing a double peak
for tube extrusion which is discussed in some detail. The FE program appears to

predict all the major characteristics of the flow observed macroscopically.
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CHAPTER 1: INTRODUCTION

1.1 Aluminium alloys

Aluminium alloys represent some of the most versatile engineering
materials due to their unique combination of properties. They have low
density, high conductivity, low toxicity, and good electrical and thermal

conductivity.

Wrought aluminium alloys are divided into seven major classes, agreed by
international nomenclature, according to their principal alloy elements.
Each alloy is described by a four digit number plus a further letter and

number indicating the temper or condition of the alloy as shown in Table
1.1.

These alloys fall into two main groups as shown in Table1.2: the work
hardening alloys, where strength is achieved by the extent of 'cold work'
applied by rolling or forming and heat-treatable or precipitation hardening

alloys in which the properties are enhanced by heat treatment of various
kinds.
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Table1.1: Designation of aluminium alloys "],

Designation | Major
alloying
element

Characteristic

Typical
Alloys

High electrical and thermal conductivi AA10350
High strength-to-weight ratio AA2014
| AA 2024
AA3104
4 XXX Al-Si Lower melting point, Good melting | AA4032
characteristics. This series in wrought form is
| almost exclusively used for welding rod and
wire.
AA 5052
machinabilty, weldabili

Al-Zn -Mg Moderate to very high strength

Table1.2: Wrought Aluminium Alloys by Group

2XXX (Al/Cu
EXXX (Al/Ma/Si

Properties such as stress corrosion resistance, machinability, toughness
and fatigue strength can be enhanced by careful control of alloying
elements as well as careful control of the thermal mechanical process.
Copper (Cu) is one of the most important alloying elements in aluminium
because of its appreciable solubility and strengthening effect. The addition
of Si to Al improves the response to artificial ageing and influences the
microstructure through its strong tendency to form intermetallic-compounds
with Al, Fe, Mg. and Mn. Magnesium (Mg) has a marked strength effect,
due to both its solubility and formation of intermetallic compounds. Zinc
(Zn) improves general corrosion behaviour and produces an acceptable
compromise between good workability and required strength. In this work
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only the alloys AA2024, AA2014 and AAG6063 where experimental work is

available are considered.

1.2 Extrusion Process

The extrusion process is among the most utilised methods of material
processing in the aluminium industry, both for the production of semi-
finished products as well as for the manufacturing of net-shaped consumer
goods, aerospace applications and military hardware. Since these
operations occur within a high-volume industry, even small improvements
or optimisation in material properties and manufacturing could translate
into substantial savings. The optimisation and modelling criteria may vary,
depending on the product requirements, but establishing an appropriate

criterion requires a thorough understanding of manufacturing processes.

The extrusion process cycle consists of converting a cast and
homogenised billet into a continuous length of generally uniform cross-
section through a die with an orifice of a particular design and size to meet
product requirement. The great advantage of the extrusion process lies In
the relative ease and efficiency with which complex sections, including

hollows, can be produced in one operation.

A typical arrangement for the production of rods and shaped sections is
shown in the diagram in Figure 1.1. It comprises of container (1), which
needs to be constructed from three shrink fit steel tubes, the extrusion ram
(2), in front of which is placed a pressure disc, or follower pad (3), fitting
the container more closely than the ram; the die assembly (4), locked
against the container during working by a die backer (5).
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Figure 1.1: Direct Extrusion Layouts

A basic principle of extrusion consists of forcing a heated billet in a
container by a ram through a shaped die to obtain the desired final
configuration. The billet is never completely extruded, even when it is
desirable to do this, it is impossible to exert sufficient pressure to eliminate
the thin final disc. The press is stopped when a short stub of the billet,
referred to as a discard, remains in the container.

1.3 Extrusion parameters

The necessary force needed to be applied to cause metal breakthrough in
extrusion is obviously affected by a variety of circumstances.
Predominantly, it is affected by the nature of the material and the manner
in which its properties are affected by the temperature and the speed at
which the extrusion is carried out '\, In addition, the amount of deformation
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involved must be considered, i.e. the dimensions of the billet in relation to
those of the section being produced %!, Additional factors are the shape of
the section and the design of the die used """,

For pure aluminium and the softer alloys, reduction ratios of up to 100:1

are not uncommon, while for the hard alloys the ratio is usually between
8:1 and 40:1 [,

The speed of extrusion depends upon the available pressure and thus on
the alloy temperature and reduction ratio. It is also limited by the onset of
hot shortness or surface defects in the product . For pure aluminium, exit
speeds of up to 75 mm/s are not uncommon whereas the harder alloys
must be extruded at speeds as low as 3 to 5 mm/s. Obviously, any
improvement to the extrusion process which will enable higher speeds will

be very beneficial to commercial production rates.

The complex interaction of structure, strain-rate and temperature during
extrusion which defines the working area for a satisfactory extrusion
product is usually represented graphically by limit diagrams. The use of
such diagrams can provide a practical tool for process control

interpretation.

The temperature of extrusion, like speed, has implications in the process
other than its effect on the pressure. The forces in extrusion are
predominantly compressive, thus permitting high homologous working
temperatures. Thus, the extrusion process for aluminium alloys can be
regarded as lying between limits set by inherent stiffness (growing
stiffness), even at some elevated temperatures, on the one hand, and the
maximum temperature that can be tolerated during the process on the
other '®., Hirst and Ursell ), first proposed a diagram representing these
two factors. Assuming adiabatic conditions and relating temperature rise to
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extrusion reduction ratio, they concluded that the load limitation could be
represented by a specific pressure line and the temperature limitation by
an incipient melting line. Further investigations by Sheppard and Raybould.
8,10-12] |4 to a development of the most useful format of such diagrams
and Is schematically shown in Figure 1.2. The format utilised constant
strain-rate curves and showed that limits diagrams could provide specific
metallurgical data upon the structure of the final extrude, thus providing

engineers with the tools for metallurgical process control.

The limit diagrams consist of plotting the extrusion speed against the billet
temperature as illustrated in Figure 1.2. The line on the left represents the
press capacity; the line on the right represents incipient melting or
unacceptable surface. The operating condition for satisfactory extrusion
must lie within the region beneath these limiting lines. These lines are
dependent upon maximum pressure available for the press and the speed
at which extrusion is carried out. The extrusion process offers the
possibility of producing a variety of simple and complicated aluminium alloy

sections in long lengths, and the extrusion conditions will vary according to
the material and its application.
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Figure 1.2: Limit diagrams for AA2014 constructed from theory (Courtesy of
Sheppard T. "),

1.4 Finite element method in extrusion process

Modelling is a consequence of the trend followed by industry in the past
few decades towards an improvement of the process and the use of total
quality programmes. The task today is to produce more output with better
quality and lower costs. Consequently, the use of computer modelling has
become increasingly appealing to industry. Its application provides
important design information on the shape and integrity of the part, the
required force, wear on tools and an understanding of the metal working
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process, where conventional analytical methods are restricted to the
steady-state stage of the process. Thus, they cannot provide an insight

Into the dynamic changes occurring during the initial stage of the process.

In extrusion, correct design and control requires, among other things, the
determination of the deformation mechanics involved in the process.
Without the knowledge of the influence of variables such as friction
process conditions, material properties and workpiece geometry on the
process mechanics, it would not be possible to design the dies and the
equipment adequately, or to predict and prevent the occurrence of defects.
Thus, process modelling for computer simulation has been a major

concern in modern metal-forming technology.

One of the most powerful potential techniques [ref. 1, page 53] that have
been developed in the realm of metal-forming is the non-linear finite
element method (FEM) which is now widely recognized as an efficient tool
for designing actual processes in industry. Its use can be attributed to the
characteristics of metal-forming processes. large deformation, thermo-
mechanical events, non-linear boundary conditions and non-linear material
behaviour. Also because of its flexibility in reproducing almost any required

geometry, FEM is regarded as potentially the most practical tool presently
avallable.

In addition [ref. 1, pages 143-170], the simulations are advantageous for
the easy variation of geometry and boundary conditions, consequently
facilitating detailed studies of deformation patterns. Moreover, the process
(billet, tools), once modelled, can be used for a large variety of
investigations by simply changing the boundary conditions in the model.
Thus, the use of FEM in the extrusion process provides an excellent
means of obtaining information on how the material flows, how the desired

geometry can be achieved, and what the expected mechanical properties
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in the extrudate may be. Such objectives essentially consist of a)
establishing the kinematic relationships (velocities, strain-rates) between
the deformed and undeformed part, i.e. predicting metal flow; b)
establishing the limits of formability, i.e., establishing, whether it is possible
to form the extrudate without surface and\or internal defects; and c¢)
predicting the forces and stresses necessary to execute the process so

that tooling and equipment can be designed or selected accordingly.

The basic mathematical descriptions of the FEM models, as well as the
solutions techniques, are given in several books "' and a brief
description is also given in Chapter 3.

1.5 Layout of the thesis

The present work has focused on using the FEM to simulate the extrusion
process. The main objectives involve validating the FEM code; choosing
appropriate constitutive equations; predicting extrusion pressure,
temperature rise and temperature evolution during the process; modelling
the variation of coefficient of friction with initial billet temperature;
simulating material flow during extrusion for rod, shapes and tube extrusion
and effect of the initial temperature on deformation zone; controlling
extrudate properties by varying ram speed. Although no experimental work
has been attempted, suitable data has been extracted from external PhD
theses and literature. A comparison with experiments is made to assess
the relative importance of some extrusion parameters in the extrusion

process and to ensure that the numerical discretisation provided a true
simulation of the process.
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Basic concepts on aluminium alloys and the extrusion process are briefly
introduced in Chapter 1.

Detailed research history and critical reviews are given in Chapter 2.

Principal formulation and analysis techniques of the FEM programs
FORGE2® and FORGES3® are recalled in Chapter 3

Code validation, constitutive equations and the effect of some extrusion
parameters, such as friction, on the extrusion pressure are first
investigated and are given in Chapter 4.

Material flow, surface generation, Extrusion of shapes and hollow sections

are given in Chapter 5.

In Chapter 6, the exit temperature for rod extrusion is investigated with
reference to isothermal extrusion. The changes of microstructure under
both normal and iso-extrusion conditions are investigated. Finally, a

modified form of isothermal extrusion process, Iso-subgrain size and |Iso-

extrusion, are proposed to control the microstructure.

Chapter 7 presents conclusions drawn from the work carried out in the
present thesis and indicates further work required in the modelling of the
extrusion process.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The modelling of aluminium extrusion must be based on a fundamental
understanding of the thermo-mechanical phenomena occurring during the
process. While the problem is thus one of broader complexity, the
derivation of systematic data from which it can be studied is rendered very
difficult under industrial conditions. It is also difficult to quantify by
experimental techniques.

The possession of an FEM code and the skill to use it are not sufficient to
simulate a metal-forming problem accurately. One of the vital prerequisites
is the ability to feed the program with the basic physical data of the process
prior to simulation. Apart from the geometrical variables of the die and
workpiece and the process kinematics, these consist primarily of physical
parameters and boundary conditions prevailing under the given conditions
(material, temperature, etc.). Other physical values are needed for purely
mechanical simulation. These are the flow stress which must consider the
rate and temperature-dependence, together with the description of the
frictional relationships between contacting surfaces of the workpiece and
the tools. Accurate thermal and microstructural data of materials and, in
particular, the interface data such as friction must be available. The
accuracy of the results are not only sensitive to the geometric definition of
the tooling and the input of the material rheological data under
investigation, but they are also highly sensitive to the data input for the
boundary conditions between the billet and the tooling. These parameters
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are clearly extremely sensitive when attempting to simulate the extrusion
process. If incorrect data are entered, substantial errors in result variables
may ensue. In early software development, requirements were only
confined to a graphical illustration of the change in geometrical shape of
the workpiece !'®'®) and an approximate value of pressure to undertake the
process. In such cases, the accuracy of the data input i.e. friction, heat
transfer, etc., was not necessarily high and consisted of an approxtmation
to the flow stress and a global, averaged friction factor. Eulerian
description was also permissible. With the ever-increasing use of FEM
techniques to the extrusion process in the past decade, the necessity for
accurate input data becomes increasingly crucial. The analytical abilities of
current FEM codes enable the continuum parameters of the extrusion
process, stress and strain histories and metal flow to be predicted in detalil
as deformation continues. In order to enable full advantage to be taken of
the use of FE programs available to simulate manufacturing processes,
not only are detailed mechanical, thermal and microstructural constitutive
descriptions of materials required but mechanical and thermal properties of
workpiece/tool interfaces and the tools also must be available.

2.2 Main Parameters and their Effects

The basic process of extrusion is well described as a thermo-mechanical
event in a recent text by Sheppard " which indicates that the mathematical
description of the process is still largely semi-empirical. The extrusion
process is complex, involving interaction between the process variables
and the material's high-temperature properties and is typically conducted at
relatively high temperatures because the lower flow stress of the material
permits larger section reductions to be achieved, lowering the power

requirements and processing times. Furthermore, the process variables
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have a large effect on the mechanical properties and surface quality of the
extrudate. Theoretically 'Y, the process variables which may be controlled
are the extrusion ratio R, the ram speed V, and the initial extrusion
temperature T. The possible range of all these parameters is determined
by alloy composition and the homogenisation treatment. Customer
specification and press capacity, generally fix the extrusion ratio so that the
temperature and speed become the only controllable parameters.
However, events on the micro-mechanical scale are still not adequately
described. The most important of these iIs possibly the mechanics at the
interface between tooling and material i.e. the friction. This influences the
analyses of the temperature changes occurring during the process, the
final temperature and the temperature history determining the structure of

the extrudate and hence, {o a large extent, its properties.

Comprehension of the material flow during the hot extrusion of aluminium

alloys Is also of significant importance for complicated sections and also for
better control of the process.

2.2.1 Flow stress

A true stress-strain curve is frequently called a flow curve because it gives

the stress required to cause the material to flow plastically at any given

strain. The mean equivalent flow stress, o, is the most important variable

used in predicting forming process, because in plastic deformation
process, such as extrusion, the load or stress is a function of the extrudate
geometry, friction and the flow stress of the deforming material. It also has
a significant effect on the temperature field within the deforming body. The
flow stress is influenced mainly by two factors: factors unrelated to the
deformation process, such as chemical composition, structure, phases and
grain size, and prior strain history, and factors explicitly related to the
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deformation process, such as temperature, the amount of deformation or
strain and the rate of deformation or strain-rate. Thus the mean equivalent

flow stress o can be expressed as a function of temperature, T; strain, ¢;

strain-rate,s; and S. S, consists of internal variables characterising the

resistance to plastic flow caused by the internal microstructure state of the
material ® %%l The following two equations must be satisfied:

o= f(T, £, ';?, SJ

99 _\T.75.8
oc

(2.1)

The flow stress of metals must be obtained experimentally for given strain,
strain-rate and temperature conditions. The decrease in flow stress with
iIncreasing temperature and the increase at higher strain-rate have been
measured in several studies ! %4 The high-temperature flow stress
plays a dominant role in determining structure and is the primary factor
determining the extrusion pressure. The most commonly used methods for
obtaining the flow stress data are, uniform compression ?*%*! and torsion
tests %Y, The flow stresses of nearly all metals are critically strain-rate
dependent. Therefore, at high temperatures the tests are conducted at a

constant strain-rate condition and maintained throughout the tests. The

value is a fixed function of the material and varies with the temperature-
compensated strain-rate and with the temperature 2%

In hot extrusion, the influence of the strain on the flow stress may be
considered insignificant and makes such a small contribution to

deformation that the material is assumed to obey a plastic law “*. Theories
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of metal working operations generally assume that under hot working
conditions a metal behaves as an ideal rigid-plastic solid °l. However, at

higher temperature, the influence of the strain-rate (i.e. rate of deformation)
becomes increasingly important. Hence the material flow behaviour is rate-

dependent, which leads to the theory of visco-plasticity 24 25!

The Norton-Hoff 2-2% and the Zener-Hollomon " relationships are the two
constitutive equations most adopted to relate the viscoplastic material

behaviour for aluminium alloys under hot working conditions.

The Norton-Hoff law was introduced for uniaxial creep analysis by Norton
F. 71 and then extended to three dimensional analysis by Hoff N.J. [¢8l

The exponential form of the Norton-Hoff law used in FORGE2® is written
as follow:

c=K, -(«/5)’"” exp[é]-?”’ (e+€,) (2.2)

wherek,, s are material constants, » is the strain-rate sensitivity index, »

is the strain-hardening index, ¢ is the equivalent strain, £ is the

equivalent strain-rate, £o is a constant (0.001).

There is another viscoplastic flow equation which was originally proposed

for creep analysis and has been rearranged to describe the flow stress
behaviour at elevated temperatures: the hyperbolic-sine function. The most

widely used is that proposed by Sellars and Tegart *°! and subsequently
modified by Sheppard and Wright ! to yield the steady-state flow stress

o from the equation:
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Z = Alsinh(a7)]" = é'exp(%-Hf]

from which: ' (2.3)

SRR R

in which Z (s™') is termed the temperature-compensated strain-rate. The
Arhenius term indicates that hot working is a thermally activated process

120 with AH (kJ.mol™") as the activation energy for deformation, £ (s™) is
the mean-equivalent strain-rate and G (8.314J mol'’K) is the universal
gas constant. A (sV), «(M°.MN"') and n are constants within the
extrudable temperature range; n is generally assumed to be a measure of
the strain-rate sensitivity and a appears to be constant to the transition
from power to exponential relationships for the flow stress. The remaining
terms in the equation require definition because the strain-rate is specific to
extrusion geometry and the temperature T (°K) varies throughout the

extrusion ram stroke. The activation (AH) energy is considered as a

material constant in the hot-deformation range and is usually close to the
value for self diffusion of the alloy.

Dashwood et al. % investigated the differences between the Norton-Hoff
and the Zener-Hollomon relationships during the extrusion of AA7075
alloy. However, their investigation was not conclusive as they simply
mentioned the difference between these two flow stress functions.

Therefore, it is still necessary to give more details about their difference

under different temperature and strain-rate conditions, especially their
influence on the computed FEA results.
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Some researchers have adopted more complex and advanced constitutive
equations in recent years *> *'*2} The major aluminium alloys investigated
In the present work have not been represented by these models. In

contrast, the hyperbolic-sine function has been applied to describe the

behaviour of a number of aluminium alloys in extrusion !+ 2 8 10-12,30,33-35]

2.2.2 Temperature evolution during extrusion process

Extrusion iIs commonly classified as a hot-working process. Hot working is
defined as deformation under conditions of temperature and strain-rate

such that recovery processes take place simultaneously with deformation
[1]

The critical parameters for the extrusion process are that the work should
be carried out in a range of temperatures, in which the metal has adequate
plasticity to allow for the desired shape change, usually severe, to be
carried out and also to reduce the forces required for extrusion.

As shown In Figure 1.2, the temperature is one of the most important
parameters in extrusion. The flow stress is reduced if the temperature is

increased and deformation is, therefore, easier, but at the same time, the

maximum extrusion speed is reduced because localized temperature must
be well below the incipient melting temperature.

During the process cycle most of the work done is converted into heat.
This energy will be stored in the deformed structure. Temperature rise and
temperature distribution during extrusion have been investigated by many
researchers ['* *** The temperature rise during extrusion depends on

many parameters and consists of the following individual processes as
outlined by Sheppard "1 and shown in Figure 2.1.
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EXTRUSION STARTS
HEAT GENERATION

Heat generated by Friction between the billet and
plastic deformation the container and also
shearing at the Dead Metal

Zone

Friction through the die

HEAT TRANSFER

Conduction of
heat

to the tooling

(container-ram-

Conduction of Conduction of Convection of

heat heat heat from
to the billet to the tooling to the

extrudate atmosphere

Figure 2.1: Heat balance during the extrusion process.

The temperature rise within the shear zone is a function of the heat
generation due to deformation, heat conduction to the cooler material on
either side of the deformation zone and convective heat transfer by
material elements leaving the deformation zone. Because of the
occurrence of the conductive and convective heat transfer, the deformation

is not adiabatic. Estimation of the temperature increase is alloy dependent.
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Pure aluminium alloy with the lowest flow stress has the lowest

temperature rise and the hard aluminium alloys with the highest flow stress
have the highest temperature rise.

Bishop * first proposed a rigorous mathematical analysis. However, the
analysis was only limited to plane strain conditions and assumed that heat
loss to the container did not occur. Akeret ! following a similar approach
developed an approximate numerical method in which the temperatures
were calculated point by point or cell by cell. The billet was assumed to be
divided into a number of uniform discs and the work done and heat
transferred was calculated as each disc was extruded. Partial numerical
solutions for the heat produced and the heat lost could be combined
linearly and the temperature profile along the billet in the container and the
extrusion obtained. The method did not appear to function well unless the
container was hotter than the billet [': a condition seldom encountered in
practice.

Although the FEM technique offers great potential, care must be taken
when applying the analysis to the hot extrusion of rate sensitive alloys. The
accuracy of the results depends on the geometric definition of the tooling,
real material data and the governing boundary conditions between the
billet and the tooling. These parameters are clearly extremely sensitive
when attempting to simulate the extrusion process "**°!, The extrusion
parameters (friction, heat transfer, etc.) are significantly influenced by the
temperature gradients produced in the billet during transfer to the container
and after upsetting in the container. Previous researchers in simulating the
extrusion process have ignored the meshing of the tooling (container and
die) B% 4>4® although the heat transfer at the tool/billet interface governs
the temperature profile throughout the billet and tools during extrusion and,
consequently, has a critical influence on the results. The most useful
approach for an FEM simulation would thus be to include both the tooling
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and the billet in the calculation as discretised meshes. This would both
provide a more exact description of the thermal conditions and take elastic
properties of the tools into account. The disadvantage of this approach is

the substantially higher computation time required to solve the numerical
equation systems.

Numerous temperature-inked FEM models have been proposed.
However, few give any experimental verification. Generic deformation

models are available and a number of publications have used the French
developed FORGE2® software. In general the authors have not presented

details of the temperature changes occurring which arguably are the most
important feature of the extrusion process. However, Dashwood and

McShane ° have presented details of temperature rises during the
extrusion of 7075 alloy and compared them with experimental data. The
temperature was not measured but the results agree with observations
made on the onset of cracking and the incipient melting point. Another two-
dimensional model by Grasmo et al " considering only the steady-state
presented much experimental evidence to justify their model. These results
will be used as a comparison with FEM results in this thesis.

2.2.3 Friction

The most significant parameter to define when modelling extrusion
processes is the friction coefficient **°> 4932 The mechanism of interfacial
friction in aluminium extrusion is very complex and is not a well-understood
phenomenon. Due to the high pressures and temperatures that are
necessary features of the process, experimentation is difficult and this

combined with only a rough estimation of the relevant parameters indicates
that an accurate simulation might be of some use.
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In the industrial context, assumptions are made that sticking friction
prevails at the interface between the billet and the tools, and its value is a
constant for all extrusion temperatures. Various studies and analytical
methods have been used to establish the complex relationship between
the extrusion parameters, friction, temperature, stress, strain, strain-rate,

etc. Some of these studies % >°7)

provided some understanding into the
mechanisms that govern friction but fall short in supplying sufficient

information to identify the mechanisms that can be applied quantitatively to
model friction for the extrusion process.

Other researchers '+ 30 3398 5884 haye expressed the friction coefficient to
be constant and to range between 0.8 and 1 based on experimental
observations, using either varying billet lengths or by measurement of the
slope of the pressure/displacement locus. Variations of pressure with billet
lengths have been investigated for 1100 and 2014 alloys by Sheppard 1l
and Sheppard and Patterson *!! by extruding billets of varying lengths
under identical extrusion conditions. It was observed that the peak
pressure/billet length relationship in each case was linear, and the friction
coefficient value determined from the data was 0.88 for AA1100 alloy and
0.8 for the AA2014 alloy. The work indicated that the friction coefficient has

an approximately constant value during the extrusion process regardless of
the initial extrusion temperature.

Clearly neither of these methods of establishing the value of friction is
satisfactory and for design purposes, the friction is usually assumed to be
0.85. However, such measurements fail to take into account the
differences in temperature at differing locations during the ram stroke and
the consequent deviation in the flow stress. The extrusion pressure is
significantly influenced by the temperature gradients modified in the billet

during deformation. Metal flow in the extrusion process is an important
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factor controlling the mechanical and structural properties of the extruded
product.

The coefficient of friction at the metal/billet interface contributes
significantly to the complexity of extruding, and it is a point where the
friction resistance approaches the shear resistance of the hot material
during deformation. Furthermore, it is a point where a fraction or all of the
displacement of the billet at the interface occurs by shear in its surface
layers leaving a fragment of the billet deposited on the wall of the
container. In practice, aluminium alloys are extruded without any lubricant

or with only a small amount of graphite applied to the die face. Finding a
suitable lubricant would be a difficult task and in any case unlubricated

aluminium extrusion is desirable in order to prevent impurities being picked
up from the tools and to ensure that all the material making up the
extrudate surfaces originates from virgin material within the billet. Hence,
the interfacial conditions at the billet-container interface during extrusion
have a direct effect on metal flow, the stresses acting upon both the tools

and within the material, and hence load and energy requirements and
extrudate temperature.

During the extrusion process, the force necessary to overcome the friction
between the billet and the container results in an increase in overall
pressure to extrude. At the extreme condition between the billet and the
container, friction at the interface cannot exceed the shear strength of the

material. This extreme condition is termed sticking friction, and may be
represented generally as:

TF = Tiax (2.4)
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where ¢ i1s the Interfacial friction, and 7. IS the shear yield stress of the

billet material. The shear stress may be defined either by the Tresca yield
criterion:

;O
max (2.5)

whereo is the mean equivalent yield stress.

or by a Von Mises criterion when the shear strength can be expressed as:

O

o = 7 (2.6)

where o/+/3 is the mean equivalent shear flow stress. A modification to

sticking friction is often introduced to account for the fact that friction forces
are seldom as high as the shear strength of a material. The friction may be
defined using what is sometimes referred to as the Tresca friction law,

which assumes proportionality between the friction and the current shear
flow stress of the material and may be written as follow:

TF = m Tmax (2.7)

where m is the factor of proportionality and is commonly referred to as a

friction factor and varies between m = 0 for perfect lubrication and m =1
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for sticking friction. The Tresca law treats the interface friction as pressure
independent and relates the friction stress directly to the shear flow stress
of the deformed material. 7, can be determined from either Tresca or

Von Mises yield functions, or from other descriptions of the plastic flow

stress in shear.

For the convenience of simulation and modelling purposes, friction is
considered in terms of the relative velocity between two surfaces, i.e. billet

and tooling. The friction law may be considered by assuming the Tresca
friction law criteria described in Equation 2.7 and is written;

mas (2.8)

T=-m—=
V3

At the limit when m is of unit value, all deformation will be in the form of
shear in the subcutaneous regions of the billet rather than sliding against

the tools. However, this simple representation is not able to include the
contribution of local conditions such as temperature, pressure, surface
quality and geometry. Otherwise, with the description and the inclusion of

heat transfer, the value of m is defined with the same value as a constant,

and it would be more realistic to specify this constant as a function of

process variables. Although m should be assumed as a constant value,

this formulation can be more useful and more sophisticated by allowing the
friction coefficient or the friction factor to be functions of several variables.
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2.3. Shape Extrusion

Several types of non-symmetric shapes with various cross-sections such
as “T", “U”, “Square” and other extremely complex shapes, are produced
by the extrusion process. It is generally known that a large increase in the
extrusion load is required to extrude a section of these types of

complexities containing re-entrant corners or thin fin sections, over that of
simple circular cross-sections.

Sheppard 1 and Sheppard and Wood ' reported in more detail the
parameter that can represent the degree of difficulty of extrusion of

complex shapes by the use of a shape factor or peripheral ratio A. A Is

defined as the ratio of the periphery Qs of the section to the periphery Qr

of a rod of equivalent cross-sectional area and is defined in the equation
below:

1 = the periphery of the section{Q)

N itk viviois ssteint Mededibisctiebdhizietnnh wiat A 2.9
the periphery of a rod equivalent cross - sectional area (Q, ) )

For a normal rod extrusion, A is equal to 1.

It is shown ! that the temperature-compensated strain-rate can be
related to the incremental pressure through the following equation:

P= N «{a +bInAR + c[ln A (z)] +d (—{'—E-J[ln A (E-)]} (2.10)
an A Dy A
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where a, b, c and d are constants and are defined using multi regression
technique.

The difficulty of extrusion was thus defined by the A° parameter, since it

can be seen from equation 2.9 that A is proportional to the length while the
extrusion ratio is proportional to the area (i.e. D¥d?. It was found that

equation 2.9 was valid over a wide range of extrusion temperatures and
the sections investigated !+ %%

The material flow is also of particular importance when extruding
complicated sections. The occurrences of material flow during the
extrusion process has been the focus of much interest in aluminium alloys
in general ' 17 3334 €0, 6571l 1yt has been most often limited to rod
extrusions. The influence of section geometry on the deformation zone is
difficult to establish, unlike in axisymmetric rod extrusion where the
circumferential strain is essentially zero, the introduction of a third
dimensional strain requires more careful interpretation. This is especially
so near the die throat where the extrudate surface and structural features
are being generated. Studies of the material flow during extrusion are well-
documented in literature. They range from the most commonly used
technique such as the gridded billet 1°>*® introducing pins of an aluminium
alloy into the as-cast-billet and then grinding and etching the surface after
the end of the extrusion 7 9% %2 79 t5 marking grids within the initial billet
13334, 721 However, the gridded billet technique relies on planar flow, and is
not suitable to study material flow for complex cross-sections. The pins or
volume element technique is more successful than the gridded billet
technique. The advantage of this technique is the ability of the created
pattern not to be erased in regions of heavy shear. However, the process
itself is difficult to analyse due to many re-entrant corners and the

rotational component of velocity that can cause unpredictable behaviour of
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the metal flow during extrusion and may require more that one section-
plane to represent the true material flow. Therefore, numerical simulations
are necessary to gain more insight during the extrusion process cycle
because of the ease with which FEM is able to predict the material flow
from the beginning to the end of the extrusion. However, a false
assumption of the extrusion being a steady-state deformation is usually
applied and Eulerian formulation based FEM codes are used 7% 777}
Therefore, in order to investigate the microstructural evolution and predict
the extrudate properties, material history must be available and traced

back and forth during the process cycle, thus, the Lagrangian formulation
based FEM has to be adopted.

2.4 Tube extrusion

Aluminium extrusion is the most common method used to produce solid
and hollow shapes. Solid profiles are generally produced with a die that
consists of only one part, while hollow profiles are produced with at least
two parts, a die and a mandrel. The production of tubes represents an
important activity in commercial extrusion. In order to extrude hollow
sections, the billet has to be pressed through a die that determines the
outside diameter, and over a centrally-located mandrel that determines the
inside diameter. The metal must, therefore, flow through an annular gap.
For the extrusion of hollow aluminium profiles this is achieved by the use of
the dies following the principles laid down by Dick "8, A bridge or porthole
dies is usually used to manufacture hollow sections as shown in Figure
2.2. The dies contain a weld chamber in which a solid billet is forced,

under pressure, through a composite die tool that first divides the metal
into two or more distinct streams. These are then rejoined under the

bridge by a pressure weld and emerge as an extruded section, through the
orifice formed between the mandrel and the aperture shape. Therefore,
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extruded sections produced on such dies have two or more seams or
longitudinal weld lines. Because the separate metal streams are joined

within the die without atmospheric contamination, a perfectly sound weld is

usually obtained.

llﬂ“ die mandrel
) aldie cap

~ porthole-type die

container
liner

container die slide

platen pressure ring

Figure 2.2: A typical porthole tooling arrangement for aluminium hollow
sections (Courtesy of Sheppard )

Extrusion of the 6XXX alloy series through bridge dies producing hollow
shapes is common in the aluminium industry. One of the largest problems
in tube extrusion is tube eccentricity reported by Sheppard et al. I’ which
affects the quality of the product and is generally due to poor design of the
welding die. A number of experiments have been conducted into the study
and prediction of conditions occurring during the extrusion process in the
welding chamber "*% Few of them, however, attempt to quantify the
process. The complexity of metal flow calls for simulation of the complete
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process in three-dimensions. FEM also gives new and important
information, since local values for temperature, stress, and velocity within
the deformation zone are not readily accessible by experiments. The
research related to metal-forming processes during the last few decades
has widely used FEM in investigations. However, it is only during the last
decade that useful numerical simulations of aluminium extrusion have
been reported. This is partially due to the nature of the process and the
excessive time required for computation. Early work was mainly involved
with 2D extrusion problems "% 83871 or simple 3D geometry with low
extrusion ratio ®®°", Some have been experimentally verified % 33 69 92941
Despite the fact that temperature evolution and distribution are of
paramount importance in the extrusion process, very few publications pay
attention to this aspect 1> 134! 2423l pDyring bridge-die extrusion this is an
important factor because the quality of the joints along the entire length of

the final product is primarily determined by the conditions in the welding
chamber !}

2.5. Subgrain size evolution

To date, a considerable amount of work has been reported on the
substructure evolution for aluminium alloys under various hot work
conditions: hot torsion, hot rolling and plane strain compression & 4% %1%,
An interesting feature of subgrains is that they are equiaxed and keep
equilibrium size and shape In the steady-state regime even at very large
strain, whereas the grains are always elongated in the direction of the
extension. To date there are two interpretations of this. The first considers
that sub-boundaries are constantly migrating in such a way as to keep the
substructure equiaxed. The second possible interpretation is by the

repeated unravelling of the sub-boundaries and the subsequent
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reformation of new sub-boundaries at locations which keep their average

spacing and dislocation density constant, termed "repolygonisation” %"}

It is generally accepted that the temperature-compensated strain-rate or
Zener-Hollomon parameter (Z), is directly related to the subgrain size ¢

during steady-state deformation !" by the flowing equation:

5™ = A+ BLnZ (2.11)

where A, B, and m are constants.

The subgrain exponent m value varies from 0.35 to 1.25. However, most
researchers P °% 612 haye agreed putting m = 1, produces an acceptable
fit in equation (2.11). This is because the range of subgrain sizes typically
obtainable in the hot working range is very small in contrast to the range of
Ln(Z) values. Constants in equation (2.11) for various alloys are well
documented and are listed in Appendix 1. It can be seen in Appendix 1 that
m equals 1 is widely used. It should be emphasised here that the equation

(2.11) is not valid for prediction of subgrain sizes in a transient
deformation.

It should be noted that equation (2.11) is not the only form of formula that
relates subgrain size with process parameters for steady deformation.
Other researchers !'°"1%) have proposed alternative formulae modified
from equation (2.11), however, these equations require too many
constants to be statistically defined from experimental data, and hence,
they will not be discussed here.
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Compared with the work on subgrain size during steady-state deformation,
there is still lack of quantitative relationship to relate the subgrain size with
the deformation parameters in a transient deformation. During the last few
years, Sellars and Zhu " and Furu et al ['® have carried out some
exploration work in this field. They have performed the transient
deformation by altering the strain-rate in plane strain compression tests.
Zhu and Sellars !'®!, have explicitly expressed the evolution of subgrain

size In a differential form based on the most classical theories of work
hardening and dynamic recovery:

dé = (6 — O)de (2.12)

where o, Is the subgrain size at steady-state deformation, & is the

instantaneous subgrain size, de is the increment of strain, dd is the

increment of subgrain size, €5 is characteristic strain, which determine the

rates of evolution of subgrain size, & is defined as the same as equation

(2.11). €5, Is assumed to be in proportion to Z”, which indicates that ¢; is
a function of Z. The specific form relating & with the Zener-Hollomon

parameter may depend upon the deformation conditions and the material.
However ambiguity was found about the value of the exponent n. Zhu and
Sellars ' '] assigned different values (-0.5 and %) to the exponent n in

two papers for the same material and experimental conditions.

There is a great lack of research in prediction of subgrain size by FEM in
aluminium extrusion. Dashwood et a/ %, attempted to predict the subgrain

size using FEM. They investigated the change in subgrain size for
extrusion of AA7075 during rod extrusion. The predicted results fit
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reasonably well with the experimental measurements in a small region
around the die mouth. The distribution of subgrain size within the container

was not given. However, In their investigation, they appear to adjust the
value of activation energy AH (156 KJ/mol) defined in equation (2.3) as a

material constant to nearly twice its value. No justification was given to
support their alteration to this value. The activation energy is considered to
be a material parameter for nearly all aluminium alloys. It is not a
parameter which can be tuned in order to match the predicted result with
experimental measurement. Another dubious assumption is the use of the
instantaneous nodal strain temperature-compensated strain-rate to predict
the change In subgrain sizes. From Equation (2.11) one would expect a
decrease in subgrain size from the rear of the billet to the die mouth to the
increase in strain-gradient and hence a strain-rate. This will, of course, be
influenced greatly by the temperature variation and thus it would appear
that the expected decrease in this case is somewhat balanced by a small
rise In temperature along the flow line. Although the substructure is

continuously undergoing rearrangement, it cannot change instantaneously
and must depend on the deformation history.

2.6 Iso-Extrusion

Extrusion parameters (e.g., billet temperature and extrusion speed) are
dictated by the chemical composition and homogenisation treatment of
each alloy. Harder alloy extrusions used in applications such as the
aerospace industry, present challenges to the extruder because they must
be defect-free and have a specific final structure yielding the appropriate
properties which should be consistent along the length of the extrudate.
Harder alloy extrusion is thus rather more complex and demanding than

soft and medium-strength alloys. Because the hot-working temperature
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range s very narrow, there is, critically, more severe interaction between
process variables and material properties at the working temperature.

It is commonly known that the extrusion process must be performed at low
InZ values (i.e. high temperature). However, the process is limited by two
factors, as shown in Figure (1.2). The first limiting factor lies in the press
capacity (maximum extrusion pressure) and the second limiting factor lies
in the maximum temperature that can be tolerated during the prbcess,

which Is determined by the occurrence of incipient melting.

The occurrence of incipient melting and friction-related tearing depend on

the initial billet temperature. If exit temperature is not properly controlled,
the extrudabillity will be reduced drastically.

It is an obvious conclusion that better and more careful control of the
extrusion process is mandatory if productivity is to be significantly

increased. A more typical plant problem is to determine the optimum
speed for some fixed extrusion ratios.

The combination of the extrusion speed and the billet temperature result in

the bulk temperature of the deforming billet exceeding a critical value
which for AA2024 is about 495°C (511°C incipient melting). However, the
most important limitation on the extrusion speed is imposed by the
temperature increase in the deforming billet. This increase if not under
control may cause the temperature of the extrudate to exceed the critical

value, in which either incipient melting or friction-related tearing occurs.

Isothermal extrusion has thus been proposed to control the change of

mechanical properties by adjusting the ram speed according to the
feedback of the measurement of temperature at the die exit. It was first
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proposed in the 1970s '%! and has been studied for many years by the use

[108-113]

of various methods . However, little work has been done to develop

an understanding of the details of the deformation and temperature

transients that occur within the shear zone and how they affect

substructure evolution.

The substructure experiences a very complicated evolution during the
extrusion process. Previous investigations > °" 91 show that a
substantial number of the mechanical properties could be directly related to
the substructure of the extrudate. Therefore, in order to approach an
optimum extrusion condition, it would be more constructive if that included
the control of substructure evolution (i.e. subgrain size) in addition to or
instead of exit temperature for desired mechanical properties. This can be
achieved by controlling both the substructure through the ram speed and
the exit temperature. The benefit of iso-subgrain lies in its consistent
product quality in terms of surface and dimensional stability, both of which
are of particular interest to extruders. It can also result in an increase in
mean extrusion speed and thus productivity.

This new extrusion process is termed iso-subgrain size extrusion, differing
from what is normally termed isothermal extrusion.
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CHAPTER 3: FEM PROGRAMS AND

FORMULATION

3.1 FEM programs

In the present thesis all the simulations were conducted using the French
developed software FORGE2® and FORGE3® from TRANSVALOR. Only
those theories and analysis techniques, which are adopted by FORGE2®
and FORGE3® and related to the work in the following chapters, are taken
from the literature "'*'"® and briefly introduced in this Chapter.

FORGE2® and FORGE3® are dedicated to simulating the hot, warm and

cold axisymmetric bulk deformation and plane strain processes, such as
forging, rolling and extrusion. Originally this package was developed more
than a decade ago at Ecole des Mines de Paris and was successfully
applied to 2D and 3D FEM simulation on various forming processes % %
35, 37, 49, 117118} 1n addition to the plastic deformation of the work- piece,
FORGE2® software is capable of coupling the temperature calculation of
both the work piece and the die(s), and of incorporating the elastic
deformation of the die(s). It has three databases: material database,
process condition database and press database. Hundreds of alloys have

quite recently been added to the material database. The latest version of
FORGE2®is V.3.0 (2003-2004).
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FORGE3® predicts material flow for 3D bulk metal-forming processes. The
automatic remeshing technique enables the simulation of very complex
parts. The ability of the solver in using multi-processors significantly cuts
the analysis time. The latest version of FORGE3®is V6.2 (2003-2004)

3.2 Finite element approximation

3.2.1 Finite element discretisation

In modelling of the extrusion process, the governing equations are strongly
non-linear. These non-linearities are due to complex constitutive equations,
non-linear kinematics and contact. The vast majority of approaches for
solving systems of non-linear equations are based on the Newton-
Raphson iterative scheme or its variants.

Using Isotropic elements, the velocity field v, is discretised with the help of

the nodal velocity vectorsV_, shape functions N  and local co-ordinate

vector & as:

v=2V.N,() 1)

The mapping with the physical space is defined by:

x=>X,N,() (3:2)

and the strain-rate tensor is computed with the help of the B linear
operator:
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¢=>V,B, (3.3)

The pressure field is discretised in terms of nodal pressureP , with

compatible shape functions M :
p=2P,M,(¢) (3.4)

The discretised mixed formulation for viscoplastic material gives the set of

non-linear equations:

RY = sz(\/EEY“'é:B,,dm |a,Klv,|”" v,N,dS- [pr(B,)dV =0  (3.5)
0 Q0 0

R? = [M,,div(v)dV =0 (3.6)

which takes the symbolic form:

R(X,E,V,P) =0 (3.7)

where £2and (X are the part domain and the domain interface between the

part and tools respectively. as, the friction coefficient and P, the interface
sensitivity to sliding velocity.

The time evolution of co-ordinate vectors and equivalent strain is governed

by:

dX
et— 3-8
" (3.8)
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E =
— = 3.9
riakc (3.9)

3.2.2 Increment approach

In the numerical simulation of the extrusion process, the displacement
finite elements method is often used. For purely viscoplastic materials, the

most popular scheme for nodal update can be performed with the Euler

explicit scheme. If X! is the co-ordinate vector of node number n at time t,

with velocity vector V}; attime t+ At the new co-ordinate vector will be:
Xy =X} + AV, (3.10)

A second order scheme was shown to improve the accuracy !'**, especially
regarding the volume conservation of the part material, with a Runge and
Kutta method or the semi-implicit scheme:

XU = XY+ LAV + Vi) (3.11)

The efficiency of this scheme strongly depends on the corresponding
procedure for the error and step size control.

3.2.3 Lagrangian and Eulerian FEA

There are two modes of description generally used in formulation of finite
elements for large plastic strain analysis; Eulerian and Lagrangian

technique.
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The Lagrangian technique considers all matter consists of single cells that
retain their identity and nature as they move through space. This description
employs the position coordinates of a typical particle in the reference or
undeformed state, and these coordinates are functions of time. In other
words, In the Lagrangian technique, the finite element mesh is deformed
incrementally over time with the material making it easy to track surfaces and
apply boundary conditions. Lagrangian formulations are well suited for the
problems concerning path-dependent material properties and free surfaces.
- However, they suffer from numerical problems when the matenal sustains
significant distortion, the mesh follows suit and may become heavily distorted.
As the distortion increases, the quality of the results suffers. Nevertheless,

this is not a disadvantage as such if modelling and meshing of the tool/part is

planned carefully.

In the Eulerian technique all processes are characterised by field quantities
which are defined at every point of space. The finite element mesh remains
fixed while the material passes through it. The independent variables are the
coordinates of space and time of a material point in the deformed state. This
description of the continuum problems allows one to focus attention on one
point in the space and then to observe the problem occurring there. Eulerian
formulations are able to cope with large material deformation, but surfaces,
boundary conditions and material history are impossible to track using this

approach. However, mesh distortion is not a problem because the mesh
never changes.

In the simulation of the extrusion process, material history and contact
phenomena play an important role. Therefore, the best-suited approach for
the numerical simulation of extrusion process is the Lagrangian method. The
advantage of tracking the history of the material point or a node, for surface
formation, microstructure evolution and temperature evolution are of
paramount importance to the process optimisation.
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In FORGE3, the meshing is based on two concepts: the quality of the
elements and the shape preservation (geometry). These two concepts are
quantified and controlled by the user. The strategy to obtain the “best” mesh is
based on node addition, suppression and regularisation to improve an existing
given surface or to rebuild a new surface from an initial one. These should be
done without modifying the domain geometry (shape preservation). In order to
generate a volume mesh, the program requires an initial triangular surface
mesh with three node linear triangles. The quality of this volume mesh

depends on the quality of the part’'s (billet) surface mesh generated in a CAD
system (I-DEAS, Pro-Engineer, etc.)

3.2.4 Remeshing and transfer of state variables

The large deformations during the simulation of the extrusion process
produce large deformations of the finite element mesh which are badly
adapted to the problem. It is very often necessary to regenerate the mesh
several times in order to complete the simulation. As soon as one of the
following remeshing criteria has been reached, a new mesh has to be
automatically generated using an automatic mesh generator. For this

reason, and In order to satisfy the compatibility condition between the
velocity and pressure, tetrahedral elements seem more convenient for

automatic meshing and remeshing. The 5-node tetrahedral mini element

for the velocity, with linear continuous pressure is shown in Fig.3-1.

Figure 3.1: Finite element interpolation in a tetrahedron
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The remeshing criteria !'*® are as follows:
a) distortion of a finite element, due to internal shear.
b) penetration of a part of the mesh inside the tool
¢) large curvature of the segments of the free boundary

d) detection of a fold (see Figure 3.2),

Figure 3.2: Folding defect noticed by the remeshing procedure when two
boundary segments cross each other.

3.2.5 Approach of the coupled thermal and mechanical problem

The temperature field is discretised with the same elements as for the
velocity field according to:

T=) T,N,(§)=T-N (3.12)

The classical semi-discretised form is easily obtained from equation:
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C-%+H-T+F=O | (3.13)

where C, Is capacity matrix, H, conductivity matrix and F, vector contains the
visco-plastic heat dissipation and boundary conditions. C and H are computed

by:

Cy = [peN;N;dV (3.14)
Q

and

H;; = [kgrad(N;)- grad(N;)dV (3.15)
]

The temperature field can be integrated with a second order scheme where:

T=aT"™™ -(1.5-2a-g)T' +(a-0.5+g)T" (3.16)
dT Tt _Tt—ﬁt Tt+At __Tt

—=(l-g)——————4g— 3.17

™ (1-g) v 8 (3.17)
C=(0.5-g)C"™ +(0.5+¢)C" (3.18)

where a and g are constants. In the Dupont scheme, a=0.25 and g=1.

3.3 Constitutive equations

The FEM used Iin metal-forming can be generally categorised into
viscoplastic and elastic-viscoplastic FEM, depending on which material
constitutive equations are used. Constitutive equations for plastic
deformations are usually based on rate equations. For large deformation
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processes, I.e. extrusion, the elastic deformations are totally ignored (the
elastic part of the strain-rate can be neglected). That means that a
calculated strain increment equals the plastic strain increment. This rigid
plastic can be very effective for large strain increments but lacks accuracy
for small strain increments. This can be a drawback, because even in
simulations with large strain increments there are often areas with almost
no deformation i.e. dead zones. One way to overcome this drawback is to

include some elasticity into a rigid-plastic or viscoplastic model.

For extrusion of hot aluminium alloys, viscoplastic FEM is adopted to
simulate the process because plastic strain dominates the process. The

most economical laws are purely viscoplastic approximations. The 3-D
isotropic viscoplastic Norton-Hoff law is written 14}

s=2k(3&) "¢ l (3.19)

£ is expressed in terms of the strain-rate tensor &:

1/2
£ = [2/32 ej] (3.20)
6J

K is the material consistency, function of temperature 7, and equivalent

strain £. The consistency, K, Is a general property used to quantify the
resistance of the metal to permanent deformation. The dimensions of K
depend on the value of m and are M.L.T, where L represents a length
dimension, T a time dimension and M a mass dimension. FORGE2® and

FORGE3® model these variations by defining consistency to be an explicit
function of temperature, strain-rate and strain.
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K=K,(e,+&)" exp(B'/T) (3.21)

where n and f’' are constants. m in equation (3.19) is the strain-rate

sensitivity index, which ranges between 0.1 and 0.2 for hot metals (i.e. metal

above its recrystallisation temperature), and between 0.5 and 0.7 for

superplastic metals. m is a power index with no units.

Dense materials show a negligible volume change, which results in the
incompressibility constraint:

div(V) =0 (3.22)

Another visco-plastic flow stress law exists: hyperbolic-sine function, which is

usually used to describe the flow stress behaviour at elevated temperature,

T = an{(-Z—) n + (Z-)z n +1} (3.23)
o A A

A,a ,n are constants. Their physical interpretations are given in the

literature !'] for various alloys, these constants are listed in Appendix 2.

In FORGE2® and FORGE3®, the default constitutive equation is the

Norton-Hoff law. The hyperbolic-sine function is incorporated into these
two programs by programming the user subroutine.
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3.4 Friction model

Three kinds of friction law are available in the FORGE2® and FORGE3"

codes; Tresca friction, Viscoplastic friction and Coulomb friction. The

Tresca friction law is written in the following form:

ot j‘ﬁ g (3.24)

T

where o represents the yield stress, o /+/3 is usually termed shear

strength, m i1s commonly referred to as friction factor, AJ is the velocity
difference at the interface. The Tresca law treats the interface friction as

pressure independent and relates the friction stress directly to the yiela

strength of the deformed material. When m=1, sticking friction occurs. The

range of mis 0<m<1 .

The viscoplastic friction law arises from the consideration of a thin interface

layer of a viscoplastic lubricant between the workpiece and tool, as shown
in Figure 3.3.
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Figure 3.3: Conceptual view of viscoplastic friction condition (Courtesy of
Wagoner and Chenot ['%)
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The Viscoplastic friction law is written in the following form:

r=—a*K*AVP *AV (3.25)

where a Is a Viscoplastic friction coefficient and 0<a <1, which is a

function of normal stress. K is the consistency of the material, which is
defined In equation (3.21). P is the sensitivity parameter to the sliding
velocity. P is usually chosen as the same value as the strain-rate sensitivity

index In equation (3.19). When p=0, equation (3.25) turns into equation
(3.24).

The modified Coulomb friction law can be written as:

T = UC -AX if uo -<a’
_Iu nAV lu n ‘\/E
and: (3.26)
r=mZeAY if o > m=s
J3 AV #on

with this relationship, the friction shear stress is equal to the normal stress

multiplied by the friction coefficient x or to a fraction of the maximum

shear stress sustainable by the material. Equation (3.26) can be well
illustrated by the following Figure.
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Figure 3.4 :Conceptual view of the modified Coulomb friction law
(Courtesy of Wagoner and Chenot [''%)

From the above equations, it is clear that each equation includes a
term AV, the velocity difference between tool and workpiece. When AV is

close to zero, certain problems occur. To solve these convergence

problems In such cases, these friction laws are reqularised, i.e. written as
follows:

- o, AV
J3 \[AVE + AV
(3.27)

The regularisation sliding velocity AV, has a very small value.
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3.5 Thermal analysis

The classical heat equation i1s written:

pcfg- = div(kgrad(T))+q, (3.28)
dTl’ . : _ . :
where pc—- is Temperature evolution, div(kgrad(T)), internal conduction

and ¢, heat dissipation.

The Norton-Hoff viscoplastic heat dissipation q, is written as:

g, = KH3E)™ (3.29)

The f factor takes into account the fraction of energy which is converted into

heat, it ranges generally between 0.9 and 1.0. /=0.95 is used throughout the
present thesis.

On the free surface, radiation is modelled by:

_ k%g -¢,0. (T -T}) (3.30)

where ¢, Is emissivity parameter, o,, Stephan’s constant and Tg, outside

temperature.
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On the surface of contact with the tools, conduction with the tool and

surface dissipation due to friction must be taken into account:

L (-T2t K[AV]™ (3.31)

on b +b

tool
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CHAPTER 4: MODELLING THE PARAMETERS
WHICH AFFECT EXTRUSION

4.1 Introduction

This chapter uses FORGE 2° and involves validating the FE code to
simulate the process condition and selecting an appropriate flow stress
describing the material behaviour. The extrusion pressure and the
temperature rise were predicted and the pressure-displacement trace and
the events which take place in the deformed material during the extrusion
process were also simulated. The effect of the initial billet temperature on
friction, and the extent of the surface zone affected by surface friction and
the consequence changes in material flow were investigated.

The force required for extrusion depends on the flow stress of the billet
material, the extrusion ratio, the friction condition at the billet container
interface, the friction condition at the die material interface, and the other
process variables, such as initial billet temperature and the speed of
extrusion. Extrusion can become impossible or can yield an unsatisfactory
product when the load required exceeds the capacity of the press available
or when the temperature of the extrusion exceeds the solidus temperature
of the alloy. Knowledge of the initial billet temperature, the strain-rate, flow
stress of the working material, and the extrusion ratio are required if correct

and economical use is to be made of expensive extrusion facilities.
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4.2 Process conditions

4.2.1 Numerical and experimental models

Numerical models and experimental extrusion have been used to evaluate
the extrusion of AA2024 aluminium alloy. The chemical compositions of the
alloys used in this investigation are shown in Appendix 3. All the
experimental data are extracted from the literature %% 7% 1201 Experiments
were performed on a 5 MN vertically mounted press with a heated
container. The main ram was driven by a hydraulic pump during the
extrusion cycle. The load was measured by a Mayes load cell situated
directly above the ram, the output from the cell being recorded on a
| abmaster data recorder. Ram displacement and speeds were measured

by a rectilinear potentiometer fixed between the moving crossheads and
the press bolster.

A comparative experiment was made to assess the relative importance of
some extrusion parameters in the extrusion process and to ensure that the
numerical discretisation gave a true simulation of the process. The
comparisons of major interest are the extrusion pressure and the die exit
temperature since if these are coincident then a valid numerical simulation
model of the process may be assumed. Pressure values and exit
temperatures produced from simulation were compared with experimental
values and predicted exit temperature results from Grasmo et al Pl
Subramaniyan 4 and Vierod ! theses. This comparison enabled an

independent check of the changes in billet temperature and friction
conditions during extrusion.

A constant ram speed of v = 3 mm/s was imposed with an extrusion ratio of
20:1 for AA2024 alloy. In the Forge 2 program, only half of the cross-
section requires modelling due to the symmetry. A flat-faced die with a 5-
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mm die bearing length was used for all simulations unless stated
otherwise. The boundary conditions between the billet and the container at
the interface were evaluated for the Tresca friction type mechanism and

will be discussed in detail later in this Chapter.

The container-die and ram temperatures were 50°C and 100°C below the
initial billet temperature respectively for all the analyses (unless stated

otherwise) in an attempt to reduce the temperature of the extrudate and,
hence, to simulate industrial conditions.

4.2.2 Meshing and remeshing

During the simulation of the extrusion process, large deformations are
predominant and if the material history (material flow, temperature, strain-
rate, etc) are required, a Lagrangian mesh evolution must be defined.
However, the elements become severely distorted during the process and
consequently, the need for remeshing is necessary to continue the
simulation. The frequency of remeshing is controlled by the degree of
deformation and is a user-variable. To improve the accuracy of the results,
it is critical to control the degree of remeshing in the areas where high
deformation is expected. Refinement mesh boxes of Eulerian type (but
maintaining Lagrangian flow) were applied to the billet at die entrance and
section re-entrant corners where high deformation is expected to occur. A
coarser mesh is used for the remainder of the billet. The mesh for the FEM
simulations was generated automatically for a space domain that included
billet, container and the ram. To overcome any discrepancies in the results
as a consequence of the meshing and remeshing in the billet during
extrusion, only one model consisting of the billet and tool set-up was used
throughout the simulations. The initial billet and tool temperatures, friction
conditions, and constitutive equations were changed accordingly.
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The FORGE2's general data-file structure and the detail of the variables

used to simulate the extrusion process is shown in Appendix 4.
Simulations were conducted on a DELL dual processor workstation.

4.3 Comparison between Norton-Hoff and Hyperbolic-sine
functions

Presently there Is no accepted procedure for a well-defined matenial
constitutive equation which will result in the accurate prediction of both

mechanical and microstructural development over the wide variations in
boundary conditions expected in the extrusion process.

This section is focused on the differences of two commonly used
constitutive equations in the simulation of metal-forming processes. In
FORGE2® and FORGE3® programs, the Norton-Hoff law describes the
default rheology of the material. However, it is also possible to define
different flow stress behaviour (i.e. Sheppard-Wright law ¥}y, by coding the
law within a user defined subroutine which can then be incorporated into
the main program by recompiling the finite element solver with the
appropriate modifications. The two flow stress equations are compared
with respect to the temperature changes and pressure loci. The
discrepancies between these two equations in terms of pressure and

temperature under different temperature and strain-rate conditions are
analysed and compared with experimental results 2%,

The flow stress details of most aluminium alloys available to the author

were predicted using the hyperbolic-sine function. The data describing the

material behaviour for the Zener-Hollomon equation were obtained using
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Torque-Twist data from torsion tests and optimised to obtain the form of
Equation (4.1)

(4.1)

Z = Alsinh(a7)]" = écxp(%H_T_)

The data for the Zener-Hollomon flow equation are given in Appendix 2 for
a wide range of aluminium alloys . However, in order to use the Norton-
Hoff equation in FORGE2® and FORGE3®, conversion from the hyperbolic-
sine function is inevitable. To verify any loss in accuracy during conversion,
a comparison with the experimental flow stress is made. The AA2014 was
the only alloy In which the experimental data for the flow stress was
available to the author and it was used together with AA2024 in this
investigation as an independent check. Therefore, it is still necessary to
give more details about variations under different temperature and strain-
rate conditions, especially influences on the computed FEA results. Since
the only available experimental data for the present author is 4%Cu binary

2014 alloy (see Appendix 5), the comparison is made for this alloy first.
The comparison for AA2024 follows.

The Norton-Hoff equation is written as follows,

c=K, (/3)" exp(—?—} E" (e+g,)" (4.2)
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The constants, m, 8 and K, for the Norton-Hoff equation are obtained by

regression analysis using the values obtained from the hyperbolic-sine

function in Equation (4.1). The flow stress for the sine equation Is

regressed at differing strain-rates and ranges of temperatures. Using

regression of Lno against Lne and the inverse temperature-;:, the

constants were obtained such that:

Lno =mLn + X = m = anr:X

Lne (4.3)
Ln&=ﬂLn§'+Y => ﬂ=LnG:Y

Lne

where X and Y are intercepts of Lno versus Lne and 51: respectively.

Together with the previously calculated constants m and S, the consistency
K could be obtained using the Norton-Hoff equation as follows:

g K.Exp(-’g-J(£+ £0)" 3™ 5 (4.4)

and since in the extrusion process, the areas in which small strains occur
can be ignored because they do not affect either the pressure or the
properties of the material, the strain hardening index, n is taken to be close

to zero.
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Lno = LnK + (-g-) + (m + I)Lnx/g +mLne and

K= Exp[LnE - -’f—?— —mlLn E.+(m + l)Ln\/g] or (4.5)

K= Exp[X -(m+1 )Ln\/§ ]

where X is the intercept of Lno against Lne and %

The regressed Norton-Hoff equations for AA2014 for 4% Cu binary and
AA2024 are written as follows:

. 0.177206

2607.937] \/gmo.nms) =

O 4014 = 0.87571.Exp( - E (MPa)

(4.6)

, 0.068679
> conns =15 .2755.anp(1 15 4'301}/5 N ¢

- (MPa)

4.3.1 The effect of flow stress function on the peak extrusion
load

The effect of the initial temperature on the predicted and experimental

peak extrusion loads is shown in Figure 4.1. The Figure shows a good

correlation between the experimental and calculated hyperbolic-sine
function stresses.
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Figure 4. 1: Comparison of computed and actual peak extrusion load as a
function of initial billet temperature for AA2024.

The first observation from the figure reveals a slight underprediction of the
peak load using the Zener-Hollomon equation. This is because the
extrusion pressure is significantly influenced by the temperature gradients
produced In the billet during the process. The relative error between the
experimental and the predicted peak load by hyperbolic-sine function was
between 2.28% and 4.28% at lower and higher temperatures respectively.
This is possibly due to the fact that in this investigation, the tools used to
represent the container/die were modelled as rigid tools. The drawback to
adopting this approach is that the tools are described solely as a line at
which motion in relation to the workpiece is governed by simple laws and
heat loss via the contact area is unknown because the geometrical
conditions beyond the rigid line are unknown. This results in the contour
appearing to be of infinite thickness and hence promotes a slightly slower
apparent heat exchange rate and therefore results in slightly higher
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temperatures being predicted and accounts for the difference observed

between the experimental and predicted pressure when using the
hyperbolic-sine function.

However, the Norton-Hoff equation portrayed a different behaviour from
both the experimental and the hyperbolic-sine results. A significant
divergence from the experimental results was observed at both ranges of
temperature: an under-prediction at low stress level “high temperature” and
a significant over-prediction at higher stress level “low temperature” of the
peak load. The relative error between the experimental peak load and the
predicted peak load by the Norton-Hoff equation was between 9.4 % and
29.27% at low and higher temperature respectively. Clearly, there is a

discrepancy between the Norton-Hoff relationships to predict the peak
extrusion load at both stress levels.

To identify the failure of the Norton-Hoff equation in predicting the peak
extrusion load, it is necessary to go back to the experimental flow stress
data. As previously mentioned, the alloy used in this investigation is
AA2014 alloy since it was the only alloy for which the experimental flow
stress data were available to the author (see Appendix 5). The
experimental flow stress data can be regressed to fit both hyperbolic-sine
and Norton-Hoff relationships. The equivalent flow stresses for both
equations were calculated over a range of strain-rates and temperatures,

0.5-50s' and 300-450°C respectively. The regressed Norton-Hoff flow
stress from the Zener-Hollomon equation is shown in Figure 4.2.
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Figure 4.2: The Norton Hoff Law regressed from the hyperbolic-sine
equivalent flow stress.

A good correlation coefficient of r = 0.9822 was obtained, indicating that
there is no loss in accuracy during conversion from the equivalent
hyperbolic-sine to the Norton-Hoff relationship. When the experimental
flow stress data were fitted to the hyperbolic-sine and to the Norton-Hoff
relationships as shown in Figures 4.3 and 4.4, reasonably good
correlations were obtained for both equations. However, the hyperbolic-
sine relationship provided a better fit to the experimental flow stress data
(r=0.9991) than the Norton-Hoff relationship (r=0.9855). This high
correlation coefficient obtained by using the hyperbolic-sine equation
indicates that the relationship is applicable to all temperatures and strain-
rates considered. The figures also clearly illustrate that the hyperbolic-sine
relationship provides a better representation for the experimental flow

stress with strain-rate and temperature under hot working conditions than
the Norton-Hoff relationship.
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Figure 4 3: Zener Hollomon Law regressed from the experimental data.
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Figure 4.4: Norton Hoff Law regressed from experimental data.
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4.3.2 The effect of extrusion temperature and strain-rate on the

flow stress functions

The effect of temperature and strain-rate on both flow stress relationships
is illustrated in Figure 4.5. To be consistent with the regression and
experimental data, the temperature ranges in these figures are within the
limits selected to obtain the Norton-Hoff constants (between 300°C and
450°C). No necessary measurements below or above the selected range

were made, since it corresponds with the working temperature ranges in
extrusion for hard alloys.
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Figure 4.5: Comparison of the flow stress vs. temperature for 4%Cu binary
AA2014. atz =1, £=5, £=15and £=50s".



