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Abstract

Kjell Einar Nilsen

Numerical modelling of the aluminium extrusion process and comparison with results

obtained from industrially extruded complex sections

This thesis reports the analysis of extruded products by Forge2009® and EBSD produced by
the investigator in the BOAL plant. The 3D FEM module was used to study the required load,
the temperature evolution, surface formation of the extrudate and mal@wadidring the
process. The effect of varying process conditions on the selected geometries were investigated
and verified by means of experiment. Considering the difficulty in performing the experiments
(high temperature and high strain rates) the sinmratesults can be considered to be

acceptable.

The simulations were performed with the implicit finite element code Forge2009® with user
input written in Visual Fortran®. Alloy EN AW082 was selected on the basis that is a
commonly used extrusion matarin industry. A range of simulations were designed which

would produce differing structures to those experienced within the industry.

The effect of variation of the bridge design for hollow dies and the effect of variation of the
sink in for solid dies was investigated. 3D simulations were performed to investigate the effect

of these variations in the design features on extrusion process parameters. The process
parameters which are likely to be affected are load, deflection, velocity and temperature. The
results indicated that the design of the die affected the process parameters.

The microstructure evolution during the extrusion process was investigated for the selected
complex geometries. The following microstructure features were included in thegatiesis:
Recrystallised grain size, subgrain size, misorientation, dislocation density and volume fraction
recrystallised. Simulations were performed using physidalged mathematical
microstructure models integrated into FEM through its Fortran® subeouhterface.
Experiments were performed to investigate the effects of varying process conditions on the



microstructure. For hollow section, the emphasis was placed on the study of the complicated
metal flow and the seam welding quality. EBSD analyse® \werformed to investigate the
substructure. Surface cracking was modelled and compared with experiments. The agreement
between the predicted microstructures using associated models and experimental measurements

were acceptable. Predicted cracking showdgoarrelation with experimental results.
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1 Introduction

1.1 Aluminium alloys and the extrusion process

Aluminium is abundantly available. Besides good mechanical properties, aluminium and its
alloys have good physical properties, such as low density, high corrosion resig@ode,
electrical and thermal conductivity. This unique combination of propenigdhee ability to
fabricate a wide range of shapes has resulted in an industry dedicated to producing extruded

products.

The extrusion process can be performed by means of two basic methods, direct and indirect
extrusion, see Figure 1.1, (Muelkt al. ©02), (Sheppard and Patterd®82). The differences
between direct and indirect extrusion have been extensively studied in the literature (Paterson
1981; Sheppard 1984h8ppard and Paterson 1982). The major difference is that in indirect
extrusion there is no friction between the billet and the container whereas in direct extrusion
the outer shell of the billets move relative to the container as extrusion proceeds\gasult
considerable friction. Thus the extrusion load is greater. The main advantage of indirect
extrusion is that the material will not be pushed through the container. The disadvantage of
indirect extrusion is that the hollow ram is weaker this may lingtsize of the profiles which

can be extruded. There are, however, various modifications to the ram which can overcome this
difficulty.

3 =
— ] —1

L]

—

Figure 1.1Schematic presentation of direct (left) and indirect extrusion: 1 Ram, 2 Container, 3
Aluminum, 4 Die, 5 End block, 6 Product (Vaneker 2001)
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The process which needs to be optimized can be expressed using a limit diagram. Hirst and
Ursell (1958) were théirst researchers who investigated limitatioctéas of the extrusion
processThey proposed a novel type of diagram which was able to represent these limitations
in a graphical way such that they had produced a limit diagraim.identified the limitatns

to the extrusion process; they clearly identified the range of parametérk would be
practical to use.

The application of these limit diagrams have since been extended such that almost any structural
feature may be illustrated. Figure 1.2 shownatldiagram basically constructed according to

the Hirstand Ursell premise (1958) but modified by including the temperature rise occurring
during the process. Sheppdi®82)

7 7 LN S V. Y W N NN
/////”L\\\\\\\\

V202 NN NI N NN
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thsutficient’ ~ I “Surface Damage >
Pressure -"/ NN N
/,f

\

Vram
LS SR NAAA

Operating Area

Temperature

Figure 1.2Limit diagram (schematic) hyshepparqd1982
It is clear that there is a locus indicating whiea pressure would result in stalling of the press

and one which would result in tearing of the surface. Inside these lines each point represents a

suitable variation of parameters.
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By careful control of alloying elements, an array of commercially available aluminium alloys
can be produced. These aluminium alloys can be classified according to their suitability to
specific manufacturing processes, based on whether they can be simedgthy work
hardening only or also by heat treatment. Each alloy is described by a four digit number
followed by a letter and a number indication the temper or condition of the alloy. The work in
this thesis is related to 6XXX series alloys. These alay® Mg and Si as the main alloying
elements and have good extrudability characteristics. All of the commercially used alloys
contain Fe and Si as impurity dispersoids. They are mainly applied for structural, industrial and
architectural applications siacthey have medium to high strength mechanical properties.
Historically, mechanical working has been used as the primary means of changing the size and
shape of materials while transforming the cast structure of an ingot into what is generally
referred taas a wrought product. Extrusion is a typical process by which this can be achieved.
Extrusion is typically conducted at relatively high temperatures because the lower flow stress
of the material under these conditions permits larger reductions to beexthiéns results in

lower load requirements and reduced processing times.

In order to model the deformation of materials it is important to recognize the structures and
properties required in the final extrudate. Hence some background knowledge ai¢heestr

and properties is essential in order to ensure that the modelling results are sensible. Extrusion
is a plastic deformation process in which a billet of cast and homogenized aluminium is forced
to flow by applied compression through a die openindp Wit required geometry which is of

a smaller cross section compared to the original billet.

The extrusion process must result in an engineered product satisfying geometric, appearance
and mechanical property specifications. In order to achieve this extrusion involve the
interaction between process variables and material characteristics. Per@@dsy which can

be used for process control are the extrusion ftithe ram speed and the extrusion
temperaturd’. The inherent stiffness or flow stress of the alloys is one of the limiting factors

of the extrusion process. Flow stress may be ddfas the relationship between load and strain

at which a fully plastic condition may be assumed for a specific material. A further limitation

is the maximum temperature which can be tolerated during extrusion.
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The way to control the final product propes is to investigate the relation between processing
parameters, metallurgical response and final properties. Optimising the microstructure related
to obtain the product properties require process control. For extrusion, theromanical
process contralill involve the following processing steps: billet homogenization, billet pre
heat, extrusion (including solutionising where possible), cooling, stretching solution soaking
and ageing. The resulting microstructure features are important in proces$ abettouded
aluminium alloys: the coherency and distribution of strengthening precipitates, the degree of
recrystallisation, the grain size and or subgrain size and shape, the crystallographic texture, size
and distribution. We now should consider theigtural features and the required properties
generated by these features. In order to achieve the optimum mechanical properties in EN AW
6082, it is normal to solutionise during the extrusion process. In this alloy, the desired structure
after solution saking is usually one exhibiting as little recrystallisation as possible, but in some

applications a structure with as small a grain size as possible is preferred.

The changes to the grain structure of directly extruded material after a solution ssiabvane
in Figure 1.3. Billets extruded at a temperature less than abo?€ 288ume a completely
recrystallised structure after a necessary solution soak whilst the higher temperature extrudates
appear to have retained much of the original grain stryctuitt a substantial subgrain

substructure.

Figure 1.3 also illustrates the mode of recrystallisation in the extrudates; the elongated nature
of the recrystallised grains in the extrusion direction is clearly due to the pinning of the
boundaries by secdrphase patrticles (Figure 1.3a and 1.3b). Figure 1.3c indicates the absence
of recrystallisation in the higher temperature extrudates. These specimens were extracted from
extruded rod; similar micrographs would be obtained from extruded shapes. Althesgh th
structures may vary with alloy composition they indicate the complex problem to be analysed
by FEM. These structures are of great importance because of the subsequent effect on
properties. The evidence presented in these micrographs suggest thatusiereronditions

for 6082 alloy should be at the highest temperature possible consistent with maintaining a

satisfactory surface.
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(a) Extruded at 350°C, 0.5h soak, (b) Extruded at 350°C, 0.5h soak,

longitudinal transverse

(c) Extruded at 45,0.5h soak, longitudinal
Figure 1.3 ,the mode of recrystallisation in the extrudates, (a) Extruded at 350°C, 0.5h soak,
longitudinal, (b) Extruded at 350°C, 0.5h soak, transverse, (c) Extruded°a,@%h soak,
longitudinal

The structure of the extrudate is dependent on the total theubanical cycle but the most
important consideration in terms of properties is the subgrain size and orientation which very
much determines the metal response to the solution and ageing sequence. The subgrain size is
related to the processing parameteid laas been established for many alloys to be:

d'=AnZ-B (1.1)
for direct extrusion. In this formi is the subgrain diameter ard is the temperature
compensated strain rate given by;

o

DH
Z = Bexpe—
Xp(;RT

o

(1.2)
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Where# is the mean equivalent strain rate and in practical terms is governed by the extrusion
ram speed whilgig is the activation energy for the material and is a function of aboyent,
dispersoid and precipitate distribution eR.is the universal gas constant aifidis the
temperature of the billet at the relevant location. Thus once the homogenisatiprelealt
sequence have been completed structure control is largely @spemgon the extrusion
conditions. There is a variation of struetdongitudinally in the extrudaterhich could and

should be eliminated by the control of press speed during the cycle. The importance of
automation and computer control of presses becomeésreg with the ideal combination being
indirect extrusion with full automation of preheating and press facilities. The objective being
the attainment of optimum, homogeneous and reproducible properties in each extrusion. These
properties would vary withaeh alteration in die design, distribution of intermetallic particles

and trace elements. Understanding the effects of these features on the properties of aluminium
alloys will contribute to process control. The application of numerical methods can Herused
quantitative predictions of microstructure during extrusion of aluminium alloys. This is also
referred to as computational material sciefite application of microstructure simulation into

extrusion modelling is discussed in the present work.

Extrusion is a plastic deformation process in which a billet of cast and homogenized aluminium
is forced to flow by applied compression through a die opewitty the required geometry

which is of a smaller cross section compared to the original billet. Thesext process must

result in an engineered product satisfying geometric, appearance and mechanical property
specifications. In order to achieve this extrusion involve the interaction between process
variables and material characteristics. The inhereffitesis or flow stress of the alloys is one

of the limiting factors of the extrusion process. Flow stress may be defined as the relationship
between load and strain at which a fully plastic condition may be assumed for a specific
material. A further limitabn is the maximum temperature which can be tolerated during
extrusion. The way to control the final product properties is to investigate the relation between

processing parameters, metallurgical response and final properties.

Optimising the microstructe related to obtain the product properties require process control.

For extrusion, thermnechanical process control will involve the following processing steps:
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billet homogenization, billet pre heat, extrusion (in some cases including solutionising),
cooling, stretching and ageing. The following microstructure features are important in process
control of extruded aluminium alloys: the coherency and distribution ohgitrening
precipitates, the degree of recrystallisation, the grain size and or subgrain size and shape, the
crystallographic texture, size and distribution of intermetallic particles and trace elements.
Understanding the effects of these features on thy@epties of aluminium alloys will contribute

to process control. The application of numerical methods can be used for quantitative
predictions of microstructure during extrusion of aluminium alloys. This is also referred to as
computational material scieacThe application of microstructure simulation into extrusion

modelling is discussed in the present work.

1.2 Modelling of the extrusion process

The use of modelling opens up great opportunities for making maximum use of process data,
for optimum ceselkection of material and process, and for providing the designer with feedback

on the likely influence of processing on the viability and cost of a design as well as indicating
trial processing parameters (Sheppand Velay2007). At the beginning of thed15 0 6 s J .
Argyris and Oleg C. Zienkiewicz at Imperial College commenced to publish work on Finite
Element Method (FEM) (Zienkiewicz et al. 2005,3.9 . By the early 800:
problems could be solved by these methods and they continued ®mldeo p unt i | t he
several commercial programs appeared specifically to deal with th@astic problemsThese

are now available to the scientific community.

Bianchi and Sheppard (1987) were among the pioneers of applying FEM to extrusion
calcdation. So far process modelling has gained considerable impetus over the past few decades
with the rapid increase in computational power. It has been mainly driven by industry to
increase output with lower cost and better quality. Industrial modellingtgeh metals and

alloys extends to virtually every process from primary refining and casting processes through

forming to fabrication and heat treatment (Grong and Shercliff 2002).
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A complete analytical resolution of the extrusion process is prgsebssible because of the
complexities of the metal forming procesdasge deformation, thermamechanically coupled,
nonlinear boundary conditions and nonlinear material behaviour. Currently there are no other
methods that are as convenient as thetd-iBiement Method (FEM) to approach all of these
problems with the necessary precision. The main advantages of FEM, compared with other

numerical methods and analytical techniques are:

A Predict the def or mat i srainratensiress, taneperatuwen c on c e
velocity and the Zener Hllomon parameter,Z,;

A Consider the complex interactions between
microstructure;

A Use realistic models to repr es e affrictiong al pr
heat transfer coefficients, and the flow stress;

A Visualise the deformation process with th

The present work has conceated on developing the ability to predict the range of structures
which we could encounter when varying the Process parameters. When designing both the die
and the process we aim to produce an unrecrystallised structure off the press giving increase
strergth and corrosion properties. Hence the Literature Review displays adaptations of relevant
theory which can already be found. Chapter 4 reports on some experiments illustrating the
possibilities of achieving control by die design, Chapter 5 concentratbs amacro and micro

flow in extruding material and Chapter 6 discusses the simulation of physical properties and
discusses the structure in terms of the micro factors involved.

The ultimate goal of FEM software is to replace the experimental phaselpart@mpletely.

For this reason a number of programmes modified to deal with deformation processes have

become available commercially.

1.3 Objective of this research

The research will focus on using simulations to model the hot extrusion of 6082 iahamin

alloys of two solid and one hollow profile.
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Since modelling of simple sections have been extensively studied, Sheppard and Wood (1980),
Duanet al.(2004), focus will be placed on the modelling and simulation of extrusion with
more complex profiles such asdhape (solid section) and tubular shape (hollow section). The
effect of variations in design feats for complex industrial extrusion dies will be investigated

by means of simulation. Therefore the research objectives are as follows:

-Validate the FEM code by comparison with extrusion trials

-Investigate and develop suitable constitutive equations;

-Predict the extrusion pressure, temperature distribution and evolution;

-Predict the metal flow and surface generation during extrusion;

-Predict the microstructure evolution (subgrain size, volume fraction recrystallised);
-Investigate relevant desigrafteires for hollow and solid dies

-Predict the effect of die design in extrusion for hollow and solid dies

Thus the contribution to knowledge lies in the ability to describe the evolution of sub grain size
and dislocation density distribution during th@gess and as a result of variations in process
parameters; the ability to use these parameters to predict microstructure is also novel and of
some importance. The ability to describe and predict, quantitatively, the effect of changes in
die design is of egal importance.
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2 Literature review

2.1 Thermo mechanical modelling

Extrusion is a relatively modern forming process. Other forming processes such as rolling
and forging are much older. The process to produce aluminium, the electrolysis process, was
developed into a workable process1886 concurrently by Hall and Heroult. Although
extrusion is a complex process the ability to produce an enormous vageimpiex shapes

has enabled it to become established as a major industrial graskseppard ral
Raghunathan1089. In this work the extrusion process has been modelled using the

commercially available software Forge2009®.

2.1.1Physical parameters influencing the moelling of the extrusion process

To a large extent most of the contents of #astion may be calculated more accurately by
utilising the FEM approach. Nevertheless the literature describing the use of equations
developed to predict processing and the definition of the most commonly used terms is of
some use to the processing enginge understand or approximately calculate physical
variables and arrive at an acceptable value. It also relates the history of the scientific growth
of the subject. The reader should also be aware that FEM programming is excessively time

consuming and istill, in effect, an Upper Bound.

(a) Extrusion ratio

The extrusion ratio is defined as the ratio of the initial billet esestional area to the final
cross sectional area. The effective extrusion ratio will range in industrial practice from 10:1

to 100:1. In conventional extrusion the extrusion ratio is denotd®] &yd is given by the

expressionR, = A. / AL where A. is the area of the container cross section Ands the

cross setional area of the extrudate.
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(b)Plastic strain and strain rate

The PrandtReuss equation describes all points ofrtbelinearrelationship between stress
and strain. It is useful for metals which harden with plastic deformationjistp@ smooth
elastieplastic transition. The PraneReuss equation relates an increment of stress to an
increment of plastic strain for a metal undergoing plastic flow.

def _dey _def _dgy, _dgj _dg,
si Ssj si ¢ t t

yz zx Xy

=d/  or deg’ =sjd/ (2.1)

Reuss assumed that the plastic stinarement @/ ) in the equations are at any instant
proportional to the instantaneous stress deviation and the shear stresses. The actual strain is
obtained by integration as a logarithmic function.

The effective strain in direct extrusion can be roughly approximated as the fractional

sectional area and is defined in an elementary notation as:
e=In"X = inmR, (2.2)
A

Where# is the ration of the Perimeter of the rextatedivided by that of an equivalent iat

rod (Sheppard and Wood 1980).

The rate of straining is also an important parameter and very difficult to determine due to
the complex flow pattern in the deformationneo The material undergoes a rapid
acceleration as it passes through the deformation zone. Therefore a mean equivalent strain
rate # has to be estimated for determination of the flow stress. Sheppard and Tutcher (1980)
modified the eqgation proposed by Feltham by optimising an Upper Bound solution for the

mean equivalent strain rate to read:

#- 6DV, (a+bIn R )(c+dtanw)

2.3
D - D? (2.3)
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Where a, b, c and d are constarg, is the container diametel.. is the extrudate diameter,
Vy is the ram speed anat is the deformation cone semingle. A more accurate calculation

of & was obtained using R (Bianchi and Sheppard 1987).

(c) Friction

Generally hot extrusion of aluminium alloy is performed without lubricant. However a small
amount of graphite based grease is sometimes used on the face of the die and dummy block
(Sheppard and Raybould 1973 his is because the surface is an important feature of the
product and is formed from theterior of the billet by the shear occurring in the conical

zone adjacent to the di@mown as the dead metal zone.

Friction in aluminium extrusion is a complex and still not fully understood phenomenon
Donati et. Al 2004)in the environment of hot extras (i.e. high pressure, high temperature

and material flow) and the hostilenvironment preventefficient investigation of the
frictional interfaces. In direct extrusion (with a flat die) the friction occurs at four interfaces:

(a) containetillet (b), die bearingmaterial (c), dead metal zomeaterial and (d), dummy
block-billet. In indirect extrusion friction on a, b, and d, interfaces still exists. At the
beginning of the extrusion the billet is upset in the container and the surfaces make first
contact only at the highest points of the asperities. Consequently due to increasing pressure
the contact area is increased. The asperities start to deform and the concentrated mechanical
energy required to overcome frictional resistance is converted intoeheagy. This
eventually leads to sticking friction between the container and the billet and extrusion
proceeds by shearing along the container wall. The thickness of the shearing layer is between

40 to 100//m (Jowett et al. 2000When indirect extrusion it is considered there is a similar

upsetting stage in the beginning as in direct extrusion. Thacefriction between container
billet surfaces during the following stages of the extrusion process. On the other three

interfaces friction still exists.

34



Due to the relatively small flow of material and the shearing of the discard, the dummy
block-billet surface does not significantly influence the extrudate qudlitsee laws are
available in Forge2009® in order to define the friction between the deformijelet and

the rigid tooling: The viscoplastic friction law written in the following form:

t=-*K(T,e)*DVP*DV (2.4)

Wher¢e' is the difference in the shear stress vedtds the velocity vector an®dV is the
difference in velocity between the two solids,is the viscoplastic friction coefficient and
0¢ a ¢ 1,pisthe sensitivity parameter to the sliding velodtys the consistency of the

material.The Tresca friction law can be written as:

s,DV
NELY

t=-m (2.5)

Wheres , represents the yield stress, m is commonly referred as a friction fHegorange

ofmis0¢ m ¢ 1, when m=1, sticking friction occur§he Tresca law treats the interface
friction as pressure independent and relates the friction stress directly to the yield strength

of the deformed materiallhe modified Coulomb friction law can be written as:

t=-m§y if-m.g<i

= e (2.6)

With this relationship the friction shear stress is equal to the normal styessiltiplied by

the fiiction coefficienty.

2.1.2Extrusion pressure

The development of slip line field and upper bound techniques led to a plethora of semi

empirical equations to predict extrusion pressure.
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In effect the first technique relies on the solution of hyperbolic shear elirf®ideformation

fields which are determined from observation of metal flow and is thus a solution built on
stress minimisation which can only be achieved by trial and drherfield then describes

the slip line field which must be consistent wathiyperbolic stress distribution. This solution
must then be manually minimised and is a tedious and time consuming procedure. The upper
bound solution assumes the material defobpsbulk movement of blocks of material
bounded by velocity discontinuities in such a way that maximum energy is used and the
solution is then minimised. In this case, however, it is possible to define the problem in a
mathematical form such that minimisatican be programmed. Both techniques rely upon
plane strain condition and perfectly plastic material. It would appear that following this route
would not be productive. However, in the absence of any alternative, there is a plethora of
equations to choesfrom. Such was the extent of study using these very approximate
methods that there are texts available giving extetleverage of these methods (Hill 1950)
(Johnson an&udo 1962). We should recall that FEM solutions are still easy to understand
but uise excessively long times. They are still upper bound solutions. The study of pressure
during aluminium extrusion has been extensively reported over the years (Siebel and
Fangmeir 1931)Castle and Sheppard 197@Yoe et al. 2008

The pressure required for the process is the principal consideration in the selection of an
extrusion presshe pressure can vary depending on the alloy and its condition, the extrusion
ratio, diameter and length of the billet, temperature of the billet and tooling, ram speed and
the shape of the extruddteheppard 1993 (Sheppard 19994p29)

An early equation derived by Siebel and Fangr{i&B1) suggested that;

P=5IhR 2.7)

In this equations is the equivalent stresenfortunately this equation underestimates the

real pressure by about 60%. It does not take into accoufrtdtien and the peak pressure.
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Sheppard and Rayboul#i973 has shown from observation and numerical analysis that the

following equation can be derived,
P=5(a+binR, +cL) (2.8)

Wherea, is the contribution to redundant work, is linked to the semi dead metal zone
angle, L is the length of the billet and is dependent on the friction coefficiefthe
application of sligline fields or upper bound solutions produce similar forms of this
equation.

Further work by Castle and Sheppét976h have described that extrusion pressure could
be viewed as consisting of four parts;

P=PR, +P. +Py, +Py (2.9)

Where P, is the required pressure for thaglic deformation of the billet.

P, =f(5,8) (2.10)

In this equationgis the mean equivalent strain agdis the flow stressP: is the pressure
required to overcome the friction mainly at the container W, is the pressure required

to compensate for internal deformation work apdis the pressure required to overe@m

the higher number of dislocations present in the billet before steady state is reached.
FEM can give good predictions of the extrusion pres@ieeang 200p FEM is also more
flexible than other methods in particular when complex boundary conditions (complex

shape) are encountered.
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2.1.3Heat transfer and temperature

Heat transfer is one of the most important phenomena to consider in extrusion as it decides
the temperature parameter. This is one of the process variables which can be controlled.
Temperature rise and distribution have been investigated by many resed8imsppard
1999)(Duan and Sheppard 2002lpLibura et al. 200D In general it has beeshown that
variations in temperature are mainly due to the extrusion ratio and ram speed. The flow stress
and therefore the pressure can be reduced if the temperature is increased. However there is
a risk of localized incipient melting with high ram vetgc

Heat transfer occurs throughout the extrusion process from the initial stage of
homogenization to the following extrusion stage, during which heat transfers to the die (from
the billet) and air (from the extrudate), then the stage of stretchingnatigt &it the stage of
solution treatment and ageifGastle and Sheppard 1976(Chenot and ChasteP26);
(Sheppard and Wood 1980The heat generation and heat transfer occurring during the
extrusion are critical because they define th& &mperature of the extrudate. The
temperature of the extrudate just leaving the die is important for product quality (dimensional
stability and extrusion defects) and die life (wear and performance). 4398 and
Sheppard19991 divided the heat balandetween the following processes:

Heat generation due to plastic deformation;

Heat generation due to friction at the contaibidet, dead metal zormaterial and die
land-material interfaces;

Heat exchange between the billet and the tookgtainer, pressure pad and didand)

Approximately 96895% of the mechanical energy is transformed into heat. The heat

generation rate due to per unit of volu@ can be written as follows:

&, =/ & (2.11)

Where/ is the heat generation efficiency (0.90 ¢ 0.95)
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2.1.4Yield criterion

A vyield criterion is a law which defines the limits of elasticity under any possible

combination bstresses. lis expressed by;

f(s;) =C (Constant) (2.12)

Where f(sij )is called the yield function and; is defined by the Cauchy stress tensor.
For isotropic materials, such as aluminium alloys, plastic yielding can depend only on the
magnitude of three principal stressess,,s, and not on their directions. Thus any yield

criterion can be expressed as follows:
f(J,,J,,J;) =C (Constant) (2.13)

Where J,,J,,J; are the three invariants of the stress tensopr,

They are defined in terms of the principal components by the following relations:
J,=85,+5,+5,,J,=5,5,+5,5,+5,5,, J;=5,5,5,. The first invariant (J,/3)
represents the hydrostatic pressure. This pressure does not increase ductility except in

extreme cases such as in brittle materials. Two differing forms of critergeaerally used.

The Tresca criterion, which postulates that yielding will occur when the largest shear stress

reaches a critical value, and the Von Mises criterion which states that yielding will take place
when second invariani, reaches a critical value. The Tresca criterion provides a practical

approximation of yielding, however, the Von Mises criterion is usually preferred because it

correlatesdetter with experimental data.
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2.1.5Viscoplastic model

The theory of plasticity adequately describes materials withitihependent behaviour.

However the theory of viscoplasticity more effectively defines the behaviour of materials which
exhibit strain rate sensitivity such as in aluminium alloys. Durirtgelktrusion the aluminium

all oyébs properties can vary <considerably w
extrudate) experiences temperature gradients. At elevated temperature, plastic deformation can
increase the rate of phase transformationd enodifications to grain structures. These
metallurgical changes can, in turn modify the flow stress of the material as well as other
mechanical properties. Thus, the flow st@s<an be expressed as a function of temperature,

strain strain rate, and state variables. At very high temper&@®@T, ), whereT is the

lowest melting point of the material. The influence of strain on flow stress is insignificant, and
the influence of strain rate becomesreasingly important. Thereforg can be expressed as

follows:

5 =f(&#T,S,P) (2.14)

Two constitutive equations, the Norton Hoff law and the Zét@lomon formulation have

been adopted in the FEM simulations of hot forming. However of the two constitutive
equations, the hyperbolic sine function is the only one revealing the physical oftive flow

stress and has been found the most suitable for use. Duan and Sheppard (2003) made a
comparative study concerning these three equations and their suitability for hot extrusion of
aluminium alloys using FEM software Forge2009®. His resultsvstiat ZenetHollomon
formulation is the most accurate equation to represent the flow stress in hot extrusion of
aluminium alloys in FEM simulation. Thus the Zessllomon formulation was adopted in

this research. The hot deformation of aluminium allsysommonly described by the equations
shown below (2.15, 2.16). Initially proposed by Zener and Hollomon (1944) and then
subsequently rearranged 8heppard and Wright 19Y.9The flow stress is written:
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Where the parametees, A, n are constants. Jonas et al. (1969) show that equation 2.17 reduces
to a power lawwhenas < 0.8, but approximates an exponential relationship wasn>1.2.
Z is the temperature compensated strain rate parameter also called théd@&raon

parameter. It igiven by equation (2.18) below:

DH
Z = #expe—
xpRT:

Qo
o

(2.17)

O

WhereT is the temperaturd is the universal gasonstan(8.31451) * mol'** K '), and DH
Is the activation energy for hot deformation. Garofalo (1963) showed that the activation energy
for creep in aluminium was identical to that fort hot deformation increases with absolute

temperature up td © 0.5T_ whereupon it remains constarg to the melting point.

2.1.6 Material Flow Investigations

Metal flow during extrusion influences the formation of the microstructure and hence the
mechanical properties of the section. Thaterial flow during extrusion is to some extent
generally understwd. The material flow determines the location of surface defects and indicates
the variations of structure which results in inhomogenei#yn important part of practical
extrusion is the production of hollow sections and tubes in particular. To be ghbledtace
these hollow sections a bridge die is required which usually follows the configuration of Figure
2.1.
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Figure 2.1A typical tooling arrangement for aluminium hollow sectiq@heppard 1999a,
p.359

The required tooling to produce hollow dies consists of a die with a fixed core or mandrel. The
mandrel is firmly lept in position by a number of bridges which form a web and are fixed to
the back of the die. During extrusion the material is forced into the die ports and splits into
separate flows across the die bridge resulting in a number of material streams heound t
mandrel support. When the material has passed the bridge and the mandrel the material is joined
by welding in the welding chamber and becomes welded in the solid state by effect of pressure
and temperature Bozzi et $2009. As a result the extruded sections, produced by means of
these bridge dies have two or more weld seams in the longitudiregtiah. Physical
techniques have been used to describe metal ifloextrusion, (Valberdl996, Sheppard &

Wood 1980). These researchers have used techniques such as gridded billets, introducing a grid
into the as cast billet followed by polishing andhitg the surface after the extrusion. Recently

numerical techniques were applied to study the metal (llawvet al. 2008).
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These techniques were able to give a better description of but metal flow during extrusion but
none of them gave a comprehensisight to understand the flow across a hollow die bridge.
The formation of a longitudinal weld seam is unique to hollow extrusion across a die bridge
since the material will have to weld after is passes the die bridigen pressures and
temperatures premé practical measurements. Physical methods have been used to try to
describe the weld seam quality (Valberg 2002), numerical methods have been applied by Bourqi
et al. (2002) and Donati & Tomesani (2004). From this work it can be concluded that weld seam

formation is a soliestate pressurbonding process.

The formation of a longitudinal weld seam is unique to hollow extrusion across a die bridge
since the material will have to weld after is passes the die bridiglhn pressures and
temperatures preveptactical measurements. The main parameters which influence the quality
of the weld seam are pressure and contact time between the materials from neighboring metal
streams. Understandingelf-contactin welding material flows across the die bridge is the

challenge.

Figure 2.2 is a macrograph of a partially extruded billet which illustrates the material flow. In
general direct extrusion can be characterized by a rapid flow of the centre material toward the
die whereas the peripheral parts of the billetrastrained by friction along the container wall.

In combination with friction on the die surface this leads to the development of dead metal
zones. The peripheral shear zone with thecaa$ surface including contaminations is
compressed in front of theichmy block. The rapid flow of material from the centre of the billet
produces a lack of material in the centre at the end of each billet. Metal flow from the peripheral

zone is then pulled to the centre by the inverse flow.
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Figure 2.2A cross section adin extruded billet revealing the metal flow

B/
/

Figure 2.3Showing the symmetrical planes
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Observing the symmetrical nature of the flow in Fig 2.2 will allow us to set up our FEM
simulation in 1/% or 1/6" symmetry. This will determine the number of elements to be used:

an important feature of FEM modelling. This can also help in understanding the complex metal
flow in hollow die extrusion across a bridge and can help to minimise the number of elements
requred for the simulations. The greatest advantage regarding minimising elements can be
obtained when one sixth of the geometry is applied (see Figure 2.3). One sixth of the geometry
avoidsself-contactof elements in the simulations and will result in tddlthe feeder hole and

half of the bridge being included in the simulation (see Figure 2.4). In the case of one third
symmetryself-contactof elements is unavoidable. In this case the whole feeder hole will be
included in the simulations and half of both adjacent die bridges, see Figure 2.3. This case
would permit examination of the weld seam area includiaelfcontact In the one third
symmetry model somself-contactmechanism will have to be triggered during simulation since
two weld streams will meet to bond and form a closed t@meapplication of the extrusion

cycle and after the sequence described above the material will flow #erdsgiges to fill the

ports until it reaches the welding chamber and the load will increase until it reaches the
maximum value. From this point the section is extruded where a drop in pressure can be
observed due to the reduced container friction uhéléxtrusion process reaches the steady
state. FEM is able to reveal two metal streams and weld completion between ram displacements
of 28mm and 31mm.

Figure 24T he met al 6s fl ow and weld of neinghbour

45



Sheppard et al. (2012c) has stated that there is a clear advantage when investigation one third
symmetry with respect to investigation the aspect of self cofitaetdisadvantage being the
double number of elements readrin the simulations. Niu (20) concludes thatvhen
considering statisticallgesigned analysisnvolving many runs, iis only practical to design

using 1/8' symmetry.

From these observations we may conclude that in any practical problem the system dictates that
the fewest elements possible will be selected. We should then realise that some accuracy will
be surrendered: the acceptance of the results must then be axhshlar(2010) showed that

if detail of material flow or specific structural details were required the 1/3rd symmetry model
was required. This allowed the identification of the metal flow, dead metal zones and the weld

seam surface as shown in Figure 2.5.

Welding surface Welding sGrfacé

(@

Figure 2.5Dead metal zones in tube extrusion (a) andsisdaces (b) (Sheppard, Niu and
Velay 2012c).

46



2.1.7Surface Cracking Criteria

The pressure in the welding chamber and the contact time between the adjacent material streams
are the most important factors which influence the weld quality. Weld seam quality can be
evaluated using the Oyane damage law. The outer surface area dig¢hextwdate should

have better weld seam quality than the inner surface; from Sheppard and Niu (2010)

Weld seam quality can be evaluated using the Oyane damage law. The outer surface area of the
tube extrudate would have better weld seam quality thamitiee surface. Figure 2.6 shows

the weld seam quality as predicted by FEM.

Figure 2.6Weld quality index, (Sheppard, Niu and Velay 2012c).

Surface cracking is generally recognized as one of the main defects occurring during the
process of aluminium extrusion, especially in the case of the relatively hard aluminium alloys
such as EN AW6082. Previous experiments suggest that type of defect is caused by the

rise in temperature as the process proceeds. Some experiments indicate that the surface quality
is good even though the temperature may be high during extrusion. It is also well known that
crack criteria have been devptsl to explain the cracking that occurs in extrusion, blanking

and rolling, etc.
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The finite element method (FEM) may be used to predict surface cracking during hot extrusion.
The cracking criteria are integrated into the FEM code Forge2009®. The edffexgs/of these

criteria in predicting surface cracking in the case of hot extrusion is discussed.

In order to assess the implication of cracking on the extrusion one can distinguish two
situations: Cracking occurring partly during the extrusion runcaadking occurng over the

full extrusion run.

There are a number of cracking criteria for assessing rupture in metal forming process. They
are all based upon experimental work which utilizes a deformation process related to actual
industrial applicatios (Peng and Sheppard 2004 he initiation of ductile fracture in metals
depends strongly omé stress and strain histories. Many ductile fracture criteria have the form
that fracture occurs when the value of a damage parameter, which is given as an integral form
of stress and strain, reaches a particular value. Peng and Sheppard (2004) compaikez a

of existing cracking criteria:

Oyane (1)

4 S_H(j 2
g+ A" Qe, 2 Cl (2.18)
0C S

eq —

whereA andC1 are constantss,, is the hydrostatic stress,is the equivalent stress ameg,

is the equivalent strain. The process by which fractures occur in metal forming has been widely
modelled as void initiation and growth, followed by coalescence to form a crack. Based on this
hypothesis, criteria for ductile fracture have been suggestbttByintock et al(1996 Oyane

(1980 Cockroft and Lathan(1986.

Cockroft and Latham (2)
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s = MAX(sl,sz,ss) (2.20)

where C2 is a constants” is the maximum principal stress. Cockroft and Lath@®86
considered the effects of the maximum principal stress ovetakgcpstrain path to fracture.

Codkroft and Latham normalized (3)

&5 4o 23 (2.21)
i 4 -

0T eq

whereC3 is a constanthis criterion has a gendence on hydrostatic stress.

Ayada (4)

i Qje,, 2 C4 (2.22)

0(; eq +

whereC4 is a constant.

Generalized work criterion (@) or Freudenthal criterion (5)

. de, 2 C5 (2.23)
0

or

r"g@ #+5,8+ 5,802 C5i (2.24)
r .

where C5 and C5j are constantss,, s, and s, are the principal stresses a#dé# and &
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are the corresponding principal strain rates. Freudenthal proposed that energy is the critical
parameter at fracture. With this criterion fracturews in a material when the rate of plastic
energy dissipation reaches a critical value when integrated with respect to time, following the
element as it travels through the die. This is the only criterion that accurately predicted the site
of fracture intiation for all three metal forming processes considered: upsetting, extrusion and
strip deformation in the work of Cliét al.(19996.

Temperature (6)

T2C6 (2.25)

whereC6 is a constant. If the heat generation near the die land area increases the local
temperature such that the applied stresses exceed the resistance to deformation then severe
cracking at the surface may be expected. This temperature generation is a fafrtbgoalloy
chemistry, extrusion speed, extrusion ratio, aspect ratio, container temperature and initial billet
temperature. Much of the heat generated at the surface occurs through the dead metal zone and
the deformation shear band, which terminatesherface of the die immediately ahead of the

die land area. This results in a steep rise in the temperature as the material approaches the die
land. According to the six criteria described above, when the con§&hn@6 reach a ctical

value, the crack occurs.

2.2 Extrusion die design

In die design, we try to optimize the demands the industry is dictating on extruded sections such
as mechanical properties, appearance and productivity. This result is a searptiniom
process conditions coupled to optimum die design. Process conditions and die design are
strongly product dependent. Every profile section has unique optimum properties such as load
requirements, extrusion ratio and mechanical properties. Die dasigma critical part in the
production process since it can influence both productivity and praplality, Lotzenhiser
(1977).
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The efficiency of the die design and the quality of the dies has a major influence on the
profitability of an extrusion plan In a market in which the margins between the different
extrusion companies are often small, improvement of the quality of the design may have a
significant impact on the competitive position of a company. In general, the quality of a design
can be desdred as its ability to fulfill its predefined purpose. The complex construction of the
die is split up into more manageable design features. The effect of optimizing some of these
features will be discussed in chapter 4. The main die features, theitibmstand theieffect

on the performance of the die in practice are discussedsintthper, (Lotzenhiser 19737

Bridges (or arms, legs, webs) are used in porthole dies to support the core by connecting it to
the mandrel. Due to the high pressure dyestrusion the core might deflect or bend, which

will result in deviating bearing positions. The design of the bridges cannot be separated from
the design of the portholes. Increasing the width of the legs will decrease the size of the
portholes, thus raing the pressure at the front side of the die. Equilibrium has to be reached
between optimal flow of the aluminum (no legs) and optimal support of the core. A very basic
design principle is the dimensioning of the legs according to the span. The clsisamalof

the bridges has a feed angle ofi1B0° and a small nose radius. This should allow welding to
take place just behind the bridge. Castle €t1888 Ingraldi (1992. But as dead metal zones

form behind the bridges the flow path of the aluminum is not equal to the shape of the bridge.
Other shapes have been tested to find bridge shapes with a better resistance to bending or a
higher breakthrough pressureorfe practical results have been presented in Haif2f4l)

and some finite element calculations on bridge shape can be fo{und #000 also. To avoid
bending of the bridges to an extémat the sides of the bearing are no longer facing each other,

the die design needs to be altered.

A circular shape of the feeder holes would be ideal. For a circle the ratio of feeding area to
porthole surface is maximized. This will minimitiee contribution of the portholes to the
extrusion pressure. As it is usually not possible or desirable to usd pmrtholes (it would

use too large a surface area) the actual shape of the portholes approaches these round shapes ¢
much as possible. In the direction of flow the outer walls of the portholes usually receive an
inclination of a few degrees to relietiee material flow(Ingraldi 1992. Due to the high

pressures in the portholes a residue of aluminium will stick to the walls of the portholes along
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which the following material will flow. This aluminium on aluminium contact is favorable over
an aluminiumsteel contatcand will improve material flow. Finally the portholes should be

placed inside a circle of about 0-8®0 times the diameter of the container. This will ensure
that the deteriorated surface material of the billet is left behind in the container arebsthe b

possible aluminium quality is used for the sectiGastle et al. 1998

The bridges in porthole dies divide the aluminium flow. Behind the bridges the alumisi
welded together again in the welding chamber. The location where the aluminium welds
together on the profile is called the weld line. If the welding conditions are not optimal this
weld line will result in reduced material properti#ae welding chaber itself is divided over

the mandrel and the die plate. This has a positive effect on the possible load before failure of
the die. Two types of pressure welding can be found in aluminium extrusion sections; seam
welds in hollow sections and charge wefd®lds between successive billets) both in hollow
and solid sections. Failure in these welds is caused by a decreased ductility of the weld. Best
welding conditions for the longitudinal seam welds are guaranteed if a dead metal zone is
formed behind theelgs of the mandrel and if the welding occurs between fresh surfaces.
Locating the entire welding chamber on the mandrel will weaken the core significantly. As a
result, this solution is hardly ever used. The depth of the welding chamber is often diaded ov
the mandrel and the die plate or the whole ofvileé&ling chamber is located on the die plate.
(Hamzah 200p (Valberg1996, (Castle et al. 1988

The die orifice defines the shape of the profile that will be extruded. The opamngt exactly

be shaped according to the dimensions of the profile, as it should take account of some effects
that influence the shape of the extruded profile. A sunken face (sink in) is a decrease in the face
of the die around the orifice. This featyme-deforms the aluminium and reduces the pressure

on the face of the die. This reduces the defleaidhe tongue. (Lotzenhiser 197{Stockdale

1992. The orifice wdens at the center of the die.

The mandrel is used to hold the inner contours of the bearing in the correct plesmb&arings
are located on the core, the shape of which is defined by the shape of the profile to be extruded.
The length of the core is defined by the height of the bridges and depth of the welding chamber.

Displacing the mandrel in the unloaded state counteract this phenomen@mgraldi 1992.
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The undercut is a step in the core just prior to the bearing. It acts as a shear edge before the
aluminium passes the bearing. With conventional straight mandrels, shear in the metal causes
friction and generation of heat. This may result in deterioratbbrthe metal surface.
Undercutting themandrel thus improves the flow of the material and the temperature

distribution over the bearing.

The sink in and prehamber are features, created by sinkimg face of the die around the
contour of the profile. fiey both follow the shape of the profile to be extruded, although the
sink in follows the profile more closely. The sink in can be used to avoid profiles with extremely
long sides becoming convex or for improving the flatness of longer legs on a giogkaldi

1992 The sink in is located closer to the profile and can be used to fully control the flow
characteristics of the die. Some authidachado 199 propose to avoid modifications of the
bearing as a means of controlling the exit velocity of the aluminium asidsexely rely on a
variation of the width of the sink in.

The bearing on a flat die or a porthole die is the length of an orifice in the die with the
approximate shape of the profile to be extruded. For porthole dies, part of the bearing is located
on the mandrel and part of the bearing is located on the die plate. Choking the bearing (up to
3.5 9) slows down the flow, which improves the filling of sharp corners. Increasing the speed
locally can be done at the backside of the bearing using an angléjpeteving the bearing).
(Lotzenhiser 197)

Die design can follow three basic rules for the design of parallel bedkiigs 1999
- The bearing is longer for wider sections
- The bearing is longer towards the centre of the die

- The bearing is shorter for sections watlhigh perimeter to area ratio.
Between different bearing lengths the bearing will be tapered. Ends of legs will generally take

about 0.8 times the normal bearing length for a section of that width. Castle(£988.

proposes a similar function ésotzenhiser 197)7
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A reference bearing length of 1i.3.0 times the wall thickness with a minimum of 1.5mm is
proposed. The general rule is to increase the bearing length tthigkitess ratio by 0.25 for

each 20mm reduction in radidrom the centre of the die. Tips will carry a bearing length of
0.75 times the bearing length normal for a part of that width. Castle states that the above rules
apply up to a wall thickness of 6 mi@astle et al. 1998Finally, on porthole dies the bearing
length under the legs of the mandrel will be shortened slightly. Some attempts have been made
to automate the bearing length assignment process, see for ex&topkdale 199Pequation

2.26, (Miles 1996 equation 2.27(Miles 1997, (Thomma 199§ equation 2.28. They use,;

B, =820+ (R - nd (2.26)
c 80 +

B 3 1 o)
B =w—a&0+— -r 2.27
) WW? (R~ NS (2.27)

a. rd, @ k
=@ w- g g—— 2.28
% ? 20d, f 9k, +s (2.28)

2

B, = bearing lengthl i = distance of the reference bearing, distance of the current part,
w = width of the current parB = bearing length of the reference bearig= width of the

reference bearing], = circumscribing circle of the profile(sji, = billet diameters= extrusion

speed and, f, k;, k, are constants to be set by the designer.

2.2.1 Optimisation of solid die extrusion

Critical to direct extrusion of aluminium alloys through solid dies, is metal flow through the die
and the design of the sink in / bearing area. The aim is to achieve an optimized material flow
through the die which results in a correct profile. In pradiwe effect on material flow which

is due to section geometry will have to be compensated in the die design. In these cases where

the extrusion ratio is large, the walls are usually small which often results in distorted profiles.
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The variation of the material flow is influenced by the wall thickness (thicker parts of the section
will flow faster than thinner parts), the container friction (areas near the centre of the die will
flow faster than areas closer to the container wail),thedie desigr(Li et al. 2003. A simple

bearing, sink in configuration is given Figure 2.7Li et al. 2003.

Increased resistance to the material flow will redbeesixtrusion speeé&xtrusion temperature
can be used as a control parameter by the operator to influence extrusion speed and surface
quality. Li et al.(2003 have shown the effect of using a constant small bearing in combination

with a sink in with constant depth and varying offset, see Figure 2.7.

Profile Width

. : i
Die Bearing  /

Figure 27 Bearing, sink in configuration of a solid die et al. 2003

They alsomvestigated the effect of applying an angle in the sink in. Offsetting the sink in with

a similar but enlarged shape of the profile geometry will offer an incomplete solution to possible
flow problems. A sink in design with constant depth but varying offseensions can
compensate for velocity differences caused by local wall thicknesses variations. The sink in is
used as means to control extrusion of seéidtions since it affects flow resistance and material

flow by means of creating an additional deaetal zone.

A sink in is a pocket in front of the bearing. This pock&bduces extra resistance to the flow
(R1).
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The level of resistance introduced depends on the dimensions and shape of the sink in. In order
to extrude profiles, an opening widipproximately the shape of the required section has to be
machined in the die. The aluminium will encounter flow resistance when passing through this
orifice (R2. The level of flow resistance depends on the alloy used, the tempeeaatt e
proximity of the container wall, the wall thickness and the shape of the pocket. In order to keep
the exit velocity of the profile constant over the cross section, it is strived to keep the combined

resistance R ) of the profile orifice and thar in at a constant levelR =R1+R2).Lof (2000)

proposed a possibility to determiRd andR2.

The Yield stress of aluminium is approximately 10.3MPa. Von Mises stresses below this value
remain in the elastic domain. Von Mises stessabove 10.3MPa result in plastic deformation.
The Von Mises stresses can be related to an equivalent plastic strain rate by applying the
PrandtiReuss relationship. The material model includes elastic behavior. The parameters of the
modified Sellars Tagart model were fitted to data from EN A®063 material based on
experimental work from Akergfi978 and the modeling work from Van de Langkr(2600),

at the Technical University Delft.

Lof used the Arbitrey Lagrangian Eulerian Code DIEKA for his simulations. @000

proposes a measure for the resistance of the bearing area. The average pressure on the inflow
edge of the bearing is used as this measure. The average pressure can be defined as the sum ¢
the forces in extrusion dicdon on all nodes on the inlet plane divided by the total surface of

the plane.
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Figure 2.8The influence of bearing length (a) and bearing angle (b) on the average pressure,
Lof (2000
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According to Lof(2000, the average pressure is increased with increasing bearing length and
with increasing bearing angle, see Figure 2.8. Small bearings with a length <4mm show
marginal influence on the average pressure but bearings >4mm show a significant increase in

average pressure with increasing bearing length, (Figure 2.8a).

In extrusion we assunarallel bearings. The influence of a relieved bearing angle is limited

but a chocked bearing angle has an increasing effect on the average pressure, (Figure 2.8b). If
we assume parallel bearings, flow resistance is very sensitive to small changesetritigg b
angle. This would imply no manual interfering with the bearing. In practice a parallel bearing

Is usually manufactured with an accuracy of less than 0.01°. This implies that variations in
pressure can only be controlled to a degree. Figure 2.8a sinolws the effect of the bearing

length and the bearing angle on the average pressure.
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Figure 2.9The relation between the distance to the centre and the extrusion spe@®00pf

The influence of the distance to the container wall on the extrusion velocity was simulated by
Lof (2000 using a wall thickness t, of 1, 2 and 3mm. Figure 2.9 shows the relation of the
distance to the container and the extrusion velocity (2000 has stated that the dimensions

of the sink in have an effeon the average pressure. Increased off set has a reducing effect on
the average pressure. An increase in extrusion speed will have an increasing effect on the
average pressure whilst an increase in wall thickness reduces the average pressure. Eigure 2.10
show the effect of increased extrusion speed on the average pressure and Figure 2.10b show the

effect in increased wall thickness on the average pr@ssur
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Figure 2.10The effect increased extrusion speed (a) and increased wall thickness (b) on the
average pressure, L2000

Lof (2000 proposed an equation to optimise the influence of the sink in on the flow resistance,
equation 2.33. The basic idea of this equation is that the resistance in the bearing can be
expresse@s a pressure in front of the bearing. It is assumed that effects which influence the

exit velocity can be described with this equation. The total average preBBuian be

described as the sum of the influence of the wall thickPesthe effect of the sink in
dimensions>,and the effect of the distance to the container BallThe average pressure is an

equivalent pressure since the parameters have no unit. The total aressyed® , according
to Lof (2000 can be described as:

DP=P +P, +P, (2.29)
The term to describe the efteof the profile thickness is:

R=Ct™ (2.30)
The term to describdé¢ influence of theink in is:

P, =C,ST=0%™" (2.31)
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The term to describe the influence of thaahse to the container wall is:

Ny

P =C,R (2.32)
The total average pressute according to Lof2000 can be described as:
P(O,R,S,T)=CT™+C,ST?0“" +C,R™ (2.33)

Pis the average pressui@ijs the offset of the sink inSis the sink in depthR, is the distance
from the container wallC,,C,,C, are constants and,,n,,n,,n, are tensors to be determined

by means of simulations in combination with extrusion trials. If one would need to reduce the
extrusionspeed locally at the position of a bigger wall thickness, one could do this by reducing
the offset of the sink in. This will have an increased effect on the average pressure. In practice,
the control of the flow has been achieved by varying the lengtiediearings. The length of

the bearing is usually adjusted to compensate for variations in velocity. The disadvantage of
this method is that it can contribute to local temperature increase caused by friction. In this
research the effect is investigatedvafiations to the depth of the sink if applied to complex

and wide solid sections with relatively small wall thicknesses. The offset of the sink in and the

beaing geometry is kept the same.

2.2.2 Optimisation of hollow die extrusion

Extrusion of hollow seabins is a complex process. Figure 2.11 gives a schematic representation
of the material flow across the bridges of the hollow die core. Figure 2.11 shows all the
important features of hollow die extrusion. The material flows through the feeder holes across
the die bridges and welds in the welding chamber just in front of the bearing where the inside

of the profile is formed.

Figure 2.11 shows the importance of the bridges since they will position the coeedieth

Figure 2.12 shows an expanded view of the deflection area in the core when a load is applied.
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Figure 2.11Representation of the bridge geometry in a die core, M&86pp4)

Optimisation of hollow die extrusion requires control of the deflection of the die core.

Feeding side a

Extrusion | 1
direction Positive
X ‘y-direction’
rom neutral
axis
_____Bearing

Figure 2.12 shows two deflection regions when a load is applied.

The first region is indicated by Figure 2.12a. This is the deflection region where the bridge is

connected to the edge of the die. This area can be fauthe position of all the bridges.

Figure 2.12Arrows indicate deflection points when a load is applied (M&86pp4)
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Figure 2.12b shows the second area where the die bridge is pointed and the material welds.
Figure 2.12 shows the cross section of a traditional bridge shape. Figure 2.13 shows the
deflection, if a load is applied on a die core, M@A®96. This data is acquired from practical

tests when a load is applied to a core and the defleistioreasured. Figure 2.13 shows two
steps in the deflection. A step in deflection can be seen where the bridge is connected to the
edge and where the bridge is connected to the core.

Permanent deflection
[ 0,01 mm]

] p—

N

K] . Edg,f I LE;{ . | ) Core

-—
——

1] 20 41 &l Bl 19} 120

Distance from edge to core [ mm]

Figure 2.13Defection of the core as a functiohthe distance to the edge, (M¢@b9§

The shape factor influences the strength of the construciibe resistance to bending is
increased i f materi al i s Amoved At owsthoe out

different bridge shapes.

Figure 2.14 shows two different bridge shapes (a) torpedo bridge shape and (b) traditional
bridge shpe including all relevant dimensions and the extrusion direction. The difference in
the two geometries can be illustrated by the narrow tip at the welding point of traditional bridge
shape in Figure 2.14b. The torpedo shape bridge is wider at the webiimgvpich increases

the resistance to bending because of the shape factor. Figure 2.14 shows the mass moment of
inertia values for both geometries. The total height of the torpedo shaped bridge is Smm les

than the traditional bridge.
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Figure 2.14Two bridge shapes (a) torpedo bridge shape and (b) traditional bridge shape

The traditional shape of the bridge has a feed angle ©200 and a small nose radius, (Figure
2.14b). This should allow welding to take place just behind the bridge, Castle(X388,
Ingraldi(1992), Robbing1996. But as dead metal zones form behind the bridges the flow path
of the aluminum is not equal to the shape of the bridge. The final geometry of the torpedo

shaped bridge will affect the average pressure.

Lof (2000 has investigated the effect of the height of the welding chambehareffect of the
diameter (width) of the torpedo shaped bridge on the average pressure. If the height of the
welding chamber (w) is increased the average pressure is reduced (Figure 2.15a). If the diameter

d of the torpedo shaped Hge is increased the average pressure will also increase.
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40 60 40
x (mm) x (mm)
Figure 2.15the effect of the welding chamber (a) and the diameter of the torpedo shaped bridge

(b) on the average pressure (MN/m?)

Material flow will result in the formation of deadetal zones. Dead metal zones form behind
the bridges and the flow path of the aluminum is noaktputhe shape of the bridge.
The traditional bridge shape is expected to generate a smaller dead metal zone then the torpedo

shaped bridge.

Figure 2.16Schematic representation of possible material flow for the traditional bridge (a) and

the torpedo shaped bridge (b)
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The lower height of the torpedo shaped bridge increases the welding chamber allowing for a
larger dead metal zone, Figure 2.lk6this research the effect is investigated of varying bridge
shape whilst maintaining comparable static values and comparable dimensions for the welding
chamber and the feeder holés.the simulations two bridge shapes are compared. The first
geometry isa traditional shape which follows the shape given in Figure 2.16a. The second
geometry is a torpedo shaped bridge design which resembles the geometrg wdpcbsented

in Figure 2.16b.

2.2.3 Extrusion process optimization

Dies with unsuitable designs can lead to poor productivity and insufficient product
specifications. Defects such as tearing, pick up and distortions can also occur. In hollow section
dies the welding conditions strongly affect productivity. Process conditsuch as billet
temperature and extrusion speed influence the effectiveness of the extrusion process. The
process which needs to be optimized can be expressed using a limit diagram. Hirst and Ursell
(1958) were the first researchers who investigateditighnfactors of the extrusion process.

They proposed a graphical representation consisting of loci showing the pressure limit and the
surface quality acceptance criterion. Such graphs became known as Limit Diagrams. Many
researchers build upon the firsergion of the proposed limit diagram. Critical process
parameters can be considered in relation to process limitations such as extrusion speed and
surface quality. The limit diagram can be expanded to include other influencing factors such as
volume fracton recrystallised, subgrain size, grain size and toughness. Examples of limit
diagrams are given in Figures 2.17 and 2.18. The application of limit diagrams has been
extended to more complex relations. Figure 2.17 show a limit diagram with a limitation for
subgrain size and fracture toughness as a fracture toughness line, StEMzgdFigure 218

show a limit diagram by Parson et al. 1992.
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Figure 2.17Limit diagram with optimum subgrain size for fracture toughness as a fracture
toughness line Sheppa(t©9993

The process capability is plotted against a section tempefatdeaction rate diagram. Hirst
and Ursel(1958; Sheppard and Rayboulti973; Parson(1992; (Clode 1992and Sheppard
(19993 have stated that this enables one to distinguish the main limitation parsrogthe

extrusion process.
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Figure 2.18Limit diagram according t@Parson et al. 1992
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In Figure 2.21 the following limitations can be observed; pressure requirements and speed
limits, mechanical properties and surface defects. These limits cannot be attributed to one single
parameter (i.e. the process force limit is not only defined by magsacity alone), but can also

be related to die design. The required pressure and the speed limit are mainly determined by the
choice of press. Poor mechanical properties can mainly be attributed to low extrusion
temperature and high speed Hirst and Wid®58 Sheppard and Raybou{#l973 (Parson et

al. 1993. Product defects however are a limitation to productivity andbearelated mainly to

die design. Different types of product defects may occur, tearing, pick up and poor weld.
Tearing is caused by a succession of cracks which can be attributeduaiform speed or
excessive extrusion temperature resulting in logalting of the secondary phagelirst 1958

(Clode 1992 (Donati and Tomesani 20p3High extrusion temperatures can also be caused by
high speed; hence the term speed cracking. Pick up is the result of adhesion between th
extrusion die and the product surface. The results are usually a string of smaller deviations in
the form of aligned defects. Pick up is not necessarily related to extrusion speed but often occurs
at high speed prior to tearing. Poor welds are essgntéiited to insufficient pressure in the
welding chamber. The extrusion ratio, extrusion parameters and the design of the die are the
main contributors to poor welds and always have a temperature and pressure dependency.
Dimensional and shape defects caainly be attributed to die design.

The limit diagram in Figure 2.18 shows the possible working area and the zone with high
productivity. Mechanical properties are limited by a critical extrusion temperature. The
extrusion speed is limited by the extrusiorce and the extrusion temperature. Surface defects
can be controlled by controlling the extrusion temperature. For a given profile the actual
working area can shift with actual die design. Doif2€i05 has investigated the effect of
varying feeder holes and welding chambers, thus resulting in different bridge geometries.
Increased dimension of the welding chamber and the feeder hole can lead to increased output.
Die design for aluminium extrusion hasepe to a large extent, empirically based. This is
amongst others caused by the lack of knowledge on the exact role of the different design
characteristics used in manufacturing dies for the extrusion process. Low levels of automation

in die design and dieroduction, results in dies with varying design quality and poor
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reproducibility. The poor predictability of the die design lhed to increased testing and
calibration cost since most of the dies will require a trial prior to production. For consohssa
Boal has chosen a feature based approach to die design. In this research the influence of two

die features, the sink in area for solid dies and the die bridge for hollow dies, are investigated.

2.3 Microstructure modelling

Observations of the sicture developed by hot working have been made on a wide range of
materials deformed either by forging, rolling, extrusion, compression, and torsion tests (Jonas,
Sellars and McQueen 1969\es et al. 1994 (Sheppad and Wright 1979 (Tibbetts and Wen

1998; (Van Geertruyden et al. 200§Zhu and Sellars 2001In general, the results obtained
using different modes of deformation are in good agezgmnd they indicate that there are two
broad groups of metals and sesidlution alloys which may behave differently under hot
working conditions. Aluminium and aluminium alloys, commergatitya -Fe and ferrite

alloys are observetb develop sub grains during deformation when specimens are cooled
rapidly after either small or large amounts of deformation. The structural changes during hot
working of this group of metals are similar to those during creep, and where activationsenergie
have been observed to remain nearly constant over the whole range of strain rates and

temperature(Jonas et al. 1969

The work in the present study concentrates on deformation of aluminium alloys and the
microstructure evolution during the process which is dynamic recovery and recrystallisation
after the procesSi nce the beginning of 19e9r0comsputermu c h
modelling of microstructure evolution during the hot deformation process. Excellent reviews

of modelling of static recrystallisation (SRX) have been given by researchers (Doherty et al.
1997). There are several approaches to modelling migobste evolution in hot deformation

and subsequent annealing, the most commonly used methods include: (a), empirical methods
(b), network method¢Humphreys 199p(c), statistical method¢Crotaz et al. 2002(d),
physically based state variabteethods (Grong and Shercliff 2002 (Sellars and Zhu 2000
(Sheppard and Duan 2002); (Peng and Sheppard 2004).
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2.3.1 Development of structure during extrusion

In forming processes such as extrusion complex shapes are produced at elevated temperatures.
Recrystallisation involves thaucleation and growtbf strain free grains in certain areas of the
material, which grow by subgrains rotation to form other subgrains until they reach an
orientation angle of 15° and they form graiMdaterials which form the surface and
subcutaneous layers of an extrudatpegience large deformations when they traverse the die
land. Deformation during extrusion leads to the existence of various metal zones. These metal
zones and the dead metal zone in particular cause the distribution of structure to be
inhomogeneous. Staticecrystallisation has a significant influence on properties of the
extrudate. As a consequence of the inhomogeneous structure, the recrystallisation and in
particular the nucleation and growth will differ at various locations. In order to ensure optimum
mechanical properties the EN AWB082 alloy is usually solution treated during the extrusion
process and aged subsequent to the extrusion process. Static recrystallisation has a significant
influence on many of the properties of the extrudate. In this aheydesired structure after
solution soaking is usually one exhibiting as little recrystallisation as possible. Material
extruded at a temperature less than 350°C which is not likely fully solution soaked, will result

in a completely recrystallised struce after solution soak. While high temperature extrudates
appear to have retained much of the original structure, Sheppard and TL®8@erThe mode

of recrystallisation in the extrudates, elongated in the extrusion direction, is due to the pinning
of the grain boundaries by second phase particles. During the extrusion and soak cycle, the
stored deformation engrguithin the extrudate ensures that some static recrystallisation occurs
after the extrusion and during the soaking process. This static recrystallisation can extend to
100% of the material in some cases. Damage tolerance, fatigue crack propagatioroarmhgcor

which are important features in structural applications of EN-@082 material, are
significantly affected by the recrystallisation grain size and by the volume fraction
recrystallisedThe term recrystallisation temperature is in fact misleadsngeerystallisation

occurs over a range of temperatures. The recrystallisation temperature may be defined as being
the temperature at which recrystallisation is complete (or completed to a percentage). There is
no such thing as a single recrystallisati@mperature. The recrystallisation temperature

depends on the subgrain size obtained from the mechanical

68



working processThe structure of the extrudate is dependent on the total thermo mechanical
cycle but the most important consideration in terms operties is the subgrain size and
orientation which very much determines the metal response to the solution and ageing sequence.
During thermo mechanical processes at elevated temperatures, there is a competition between
increasing and decreasing dislocatidensity in the material. Dislocations accumulate on
second phase particles and grains as well as on subgrain boundaries. Hardening is the result of
increasing dislocation density which is caused by deformation. During elevated temperatures
dislocations Bminate each other which soften the material and at the same time are able to
move freely through the material. The competition between hardening and softening
mechanisms yields a dynamic equilibrium and therefore a steady state flow stress with a
constam dislocation density can be observed in the material. In aluminium alloys with high
stacking fault energy levels, the high efficiency of dynamic recovery is responsible for the
classical nucleation mechanism for the formation of new grains which results i

recrystallisation.

2.3.2 Empirical models for structure prediction

The inherent complexity of bulk metal forming modelling calls for a degree of pragmatism, so
purely empirical models are used. Extensive experimentation is used as a pragmatic and
traditional approach to describe microstructure and to capture the behaviour by empirical
equations or graphs. The established empirical approach (Sheppard and Wright 1979) were the
first to develop this form(Mclaren and Sellars 19%2n rolling, (Sellars 199pto predict flow

stress and subsequent recrystallisation is based on theHelfi@mnon parameter, see equation
(2.15). Flow stress in the above studgasnmonly described by an equation in the form of;

° J/n

s = iarcsinhge—*g (2.39
ai ¢l =+

whereai, Z" and n are material constants. Recrystallized graingjzeand the time to 50%

recrystallisationt., (a common measure of recrystallisation kinetics), are described by power
laws:

d, =kdle’z° (2.39
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ty, = bd2e 2" expQ, / RT) (2.36

Wherea, b,k are constantsy, is the initial grain siz€Shercliff and Lovatt 1999 and

e is the Von Mises equivalent straifhe other parameters are empirical constants.

Other empirical models have been developed to describe:

(1) The relations between the sub grain size and g8 processing parameters.

On the finer scale, the extrudate contains a well recoveregraubstructure whose sizes are
modified by the presence of the inclusion and precipitates. The sub grain size is commonly
given as reported in literature (Sheppard and Raybould 1@&grson 1981 (Sellars 199))

as.
d'=AInNZ+B (2.37)

In which constants A and B have been given for various aluminium alloys for differaring

processes, table 2.1.

Empirical equations were also given to relate the recrystallized grain size to the deformation
conditions(Nes et al. 1994 Empirical models have also been combinetihWEM to predict

the final structure in rolling in previous stud{&heppard and Duan 200@Duan 2003, (Herba

and Mcqueen 2004

Material A B Process Reference
EN AW-1100| 0.0153 -0.196 Rolling (Zaidi and Sheppard 1982)
EN AW-2014| 0.096 -0.1747 Direct extrusion (Vierod 1983)
EN AW-2014| 0.085 -0.1586 Indirect Extrusion (Vierod 1983)
EN AW-2014| 0.0378 -0.5778 Direct extrusion (Subramaniyan 1989)
EN AW-2024| 0.0426 -0.6457 Indirect Extrusion (Subramaniyan 1989)
EN AW-7075| 0.023 -0.54 Direct extrusion (Dashwood et al. 1996)

Table 2.1Constants for equation 2.21
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(2) Volumefraction recrystallized factor

The volume fraction of a materiaK, which recrystallizes in a time t during isothermal

annealing produces a curve of sigmoidal shape as reported by Sheppard and Raghunathan
(1989 and is consistent with the recovery, nucleation, and growth equation proposed by

Johnson and Mehl and Avrami which takes the form:
X, =1- exp- &t") (2.39

where b and n are constants for anydd time and temperature conditions. Rearranging this

equation yields:

In In%_lx ézlnb+nlnt (2.39

(3) Work hardening phenomena

Nes (1998 proposed various empirical equations for the prediction of proof stress. Sellars
(1986 and Nes(1998 demonstratedhe link between work hardening and the variation of
subgrain size or the recrystallised grain size. Subsequently Marthinsen an(2004s
devdoped a physically based model.

By empirical means, a modest degree of prediction of microstructure can be achieved. For
example by means of linking recrystallisation after deformation to the average process
conditions. While at present this empiricaéthodology is applied with moderate success in
industrial practice, the range of applicability and the accuracy of such predictions are limited
due to the empirical nature of the microstructure models employed. Firstly, these empirical
models do not disoke the underlying physical mechanisms of the microstructure evolution.
Their applicability is confined within the boundaries in which they were obtained and hence
they do not offer universal prediction capabilities. Secondly, they are usually of simpk fo
while more complicated micro structural phenomena cannot be fully described using

equations of such simple forms.
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2.3.3 Physicallybased internal variable methods

Microstructure modelling has long been an important task for the physical metallurgist.
However the complexity of industrial processing of commercial alloys had entailed the above
mentioned empirical methods and physicéil§sed modelling with idealizedl@ys under
controlled laboratory conditions. Until recently the great improvement of computation power,
in particular the development of the Finite Element Method (FEM) and its application into
metals processing made it possible for microstructural madelh be integrated with modern

Finite Element Analysis (FEA) and the results with considerable details can be extracted.

Theoretical modelling has long been an integral part of physical metallurgy applied to thermal
or thermomechanical processing. Tajplies both to the evolution of microstructure with time

or strain, and the dependence of properties on microstructure. Microstructural models attempt
to describe the underlying phenomenon in terms of a small number of identifiable
microstructural featuee ( or O nt er n@rbng antl Shereliff 20@21 is widely e s 6 )
acknowledged that a physicalbased internal state variable method can predict the metal
behaviour with more confidence compared to an empirical approater conditions that have

not been experimentally studié@hen et al. 1991 (Mclaren and Sellars 1992 Duan 2001}y

(2000; (TalamantesSilva et al. 2009 (Carron et al. 2010

2.3.4 The internal state variable formalism

Because the process conditions inevitably vary during industrial processing of metals, the
internal state variable method was originally proposed to model theisoibrermal
transformation behaviourlf the phenomenon of the microstructure evolution can be
represented in the form of some differential equations about the state variables variation with
respect to time, then using some appropriate numerical codes that have been developed and are
available commeeially, the process history, in principle, can be represented by these state

variables whose values are calculated by integratingvaitspthroughout the process.

Modelling of microstructure evolution explicitly in differential form has been the basis for most

classical theories of work hardening and annealing. The internal state variables are now
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physically meaningful quantities that can, at least in principlemieasured by electron
microscopy (dislocation density etc.). Developments of this approach can now benefit from the
recent advances in microscopy, such as semiautomatic Electron Back Scatter Diffraction
(EBSD), which enables substructures to be quantifighl far greater speed and precision.
Differential physically based state variable models have the potential to follow complex process
histories and provide a means of conveying microstructure explicitly from one processing stage
to the next. Physicallpasd internal state variable models have been reported mxignisy

these research groupgses et al. at the Norwegian University of Science and Technology in
Trondhei m, Sell ars et al . at the Universi
BournemouthUniversity, UK, after establishment at Imperial College, UK). There are three
separate modelling tasks: (a) describing the evolution of the deformation substructure, in
particular the subgrain size, dislocation density and subgrain boundary misorier(tation;
relating substructure parameters to flow stress; and (c) prepiettnystallisation behaviour.

The Trondheim group have proposed and further developed apdwa@@eter approach to

model the metal plasticitfMarthinsen and Nes 199 {Marthinsen and Nes 20pXNes et al.

20049); (Nes et al. 2006 Their result was concluded as a work hardening modeatglpiastic
deformation of FCC metals and alloys. Based on a statistical approach to the problem of thermal
storage of dislocations, the model combines the solution for the dislocation storage problem
with models for dynamic recovery of network dislocatiand subboundary structures. Finally

a general state variable description is obtained. The model includes the effects resulting from
variations (a) stacking fault energy (b) grain size (c) solid solution content (d) particle size and
volume fraction. Atk ugh t he Trondheim group <called
deformationdé, controversy ex1989tdo.ub3omed ewar I
model 6 can be st r ai pdcticd contexiabeahulss it irpdpdes neady | n
adjustable parameters. Marthinsen and (2891, (2002, later argued the large number of
tuning parameters is not a problem and their model can deal with processing conditions under
any combination of constant strain rate and temperature or more complex transient conditions.
Paradoxically Marthinsen relies ¢ime one set of data produced by this group to ascéhain

d = A+BInZ: a misleading error which has appeared in a recognized journal.
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Few researchers have adopted their model in the FE simulation. Only one paper can be found
in a conferene reference, Marthinsen et @003, which unfortunately includes a serious error

in which the formula for subgrain size is incorrectly written. It is safe to say too many adjustable
parameters do hamper its wide application in its integration with FE simulation. Furthermore,

it appears that any attempt to unify this theory with materialsiwttynamically recrystallise

has not been successful.

The Sheffield group has approached hot working of aluminium alloys from a background of FE
analysis of the transient nature of the deformation history in flat rolling, in terms of temperature,
strainrate and strain path. Models for predicting the evolution of internal state variables such
as internal dislocation density, subgrain size and misorientation between subgrains, as well as
subsequent recrystallisation behaviour are developed for both cdorestan transient
deformation conditiongBaxter et al. 1999 (Zhu and Sellars 2000It should be noted that
although great effortsave been invested by the Sheffield group to carry out experiments to get
the mathematical expressions and to finally validate these models, they used an in house FEM
which is not comparable with Forge in its structure prediction. They have recently lsegun t

resolve real problems, mainly rollif@alamantesSilva et al. 2008 (Zhu et al. 2008

Despite the criticism that the physically based models from the Sheffield group have mainly
been concentrated on a specific alloy-(&Mg) and developed from experiments utilising
plane strain copression (PSC), in which plastic strains greater than 2 are difficult to achieve
and the interaction of recrystallisation and precipitation has not been considered in detail in the
models (Jones and Humphreys 2003he Sheffield models assisted researchers to study
microstructure evolution because these models focus on the transient nature of the metal
processing anthey have the advantage of fewer tuning parameters which makes them more
easily integrated into commerci al FEM <code
amount of pioneering work in this respect. After the success in applying these models into
rolling simulation, Duan and Sheppaf@002, Sheppard and Duaf20023 researching
attention was turned to its integration with the FEM simulation of more complex extrusion
process (Duan and Sheppé2003, Peng and Sheppaf2004),
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Sheppard and Velgheppard 2097 In this work suitable models will be chosen and adapted
for extrusion and its post treatment simulation by 4ssdroutine interface of the commercial
FEM software Forge2009®.

2.3.5 Dislocation substructure evolution

Dislocation theory is an important tool to study the mechanism of metal plasticity. Dislocation
substructure can be described by three internal saai@bles: dislocation density)( subgrain

size (i) and misorientation across subgrain boundadgsTo have a clear understanding of
these variables, a schematic representation of substructure was taken from the Il{téesture
1997 see Figure 2.19.

During the early stage of deformation, dislocation multiplication occurs, and the total
dislocation density r =r, +r, increases from10’ ~10°°m?to 10" ~10*m*at the
commencement of macroscopic flow. Dislocations move and interact with one another to form
tangles. This terminates in a cellular structure with the dislocations clustering tightly into the

cell walls sepaating dislocation free regn.

Figure 2.19 Schematic representation of the microstructure; cell diameterell wall

thickness, h, cell wall dislocation density, and dislocation density within the cells, (Nes

1997)

75



As deformation proceeds, dislocation density continues to increase and attains a constant value

of approximatelyl0"*m > whenthe steady state regime is reached. The cellular structures are
replaced completely by the formation of subgrains due to the additional dislocation reactions.
Subgrains can be regarded as an extension of a cellular structure in that the dislocations are
aranged in the form of planar networks in subgrain boundaries, while the cellular boundaries
consist of threelimensional network and tangles of dislocation. The ability to form a cellular

or subgrain structure depends on several factors: the stackingriauify, the applied stress,

the strain, the temperature and the presence or absence of obstacles.

A notable feature of subgrains is they are equiaxed and maintain their equilibrium size and
shape in the steady state even at very large strains whereas the grains are always elongated in
the direction of the extension. There are two interpretations f®mptienomenon. The first
considers that suboundaries 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 reformationwfswsboundaries at locations which keep their
average spacing and disl ocati onJotheatad.199% c on

2.3.6 Dislocation density evolution modelling

For steady state deformation a generally accepted equation that represents the relation between

the internal dislocation density and subgrain size is written as:

1

r2d= C (constan (2.40

It was first proposed by Ho(tLl970 who showed the relationship to be valid by integrating
results from other researchers. Holt proposed a method for the calculation of the dislocation
density at stady state deformation. Different dislocation evolution models can be found in
different workhardening models such as the MecharnidakesholdStrength (MTS) model, the
Microstructure Metal Plasticity (MMP) model and the Three Internal Variable (31V) mode
reviewed by Holmedal et glHirsch 2006.
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But their purpose is to try to find flow stress formulation that can include effects due to
variations in solid solution level, particle contents, grain size, etc. from a microstructure view
point, which inevitably involves many tuning parameters. The difficulty is increased in this
problem because some of the parameters are not as yet defined soligenbigliess must be

utilised.

Sel | ar s an (Baxiehetab $99(*elkthies bnd Zhu 2000(Zhu et al. 199¥%, which
isdevel oped from an FE background and doesna
seems more suitable to be integrated with FEM. In their model, the internal dislocation density

r. has two components, thattee sec al | e d Osloationroamdd dtihe o0 ge ome

necessaryo dirglocation density

ro=rory (2.4)

The literature does not explain adequately how and r, can be calculated. The one

attempted analysis was found not to be reproducible. Therefore in this work we should use
equation 2.35 for the internal dislocation dengiBellars and Zhu 2000

2.3.7 Subgrain size modelling

It is generally acceptethat the subgrain siz&/can be directly related to the temperature

compensated strairate or ZeneHollomon parameter, Z, byé following equation
dn=A+BInZz (2.42
whereA, B,m, are constants.

A good subgrain size fit could be obtained by varying expomantthin a range between

1.25 and-0.35(Zaidi and Sheppard 1983n fact, many researchgi@astle 1999 (Chanda et

al. 2000; (Subramaryan 1989; have chosem=-1 to produce accepted results.
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This is because obtainable subgrain size ranges, under hot working conditions, are very small
when compared witthe total subgrain size randgeshould also be emphasiz#étht equation

(2.26) is not valid for prediction of subgrain size in a transient deformaticontnast with the

well recognigd relationship for subgrain size during steathte deformation, there is still a

lack of quantitative relationship to relates subgrain density with the deformation parameters

in transient deformation. Nevertheless, the Trondheim g¢digothinsen and Nes 199@nd
Sheffield group(Sellars and Zhu 2000(Zhu et al. 199Y have proposed their equations
respectively to model the subgrain size evolution during transient state deformation. The
Trondheim group approached the subgrain size problem including the effects of different
microstructures which naturally need correspnggarameters to describe. As a result, to use
this model those parameters must be derived from experimental data or from reasonable
estimation, which greatly increased the difficulty in its integration with FEM. On the other
hand, the model from the Sliefd group is calculated from a background of elementary
analysis of the transient nature of hot deformation history in terms of temperature, strain rate
and strain path. In their model, the subgrain size evolution has been explicitly expressed in a
differential form, so even though its physical basis is limited to some extent, using this evolution
law reasonable results have been achieved in hot working simulation, at least, in rolling
simulation(Ahmedet al. 200%; (Duan 2001 However theres some lack of research into
prediction of subgrain development by FEM in aluminium extrusion. The few attempts
(Dashwood et al. 1996(Duan an Sheppard 20Q&arried out on this topic either used only an
empirical steady state equation or were limited to simple rod extrusion. This exactly highlights

that using physicallpased models to simulate complex shapeusidn is of significance.

2.3.8 Misorientation change modelling

Misorientation could be the least welaracterised microstructure variable probably because

of the obvious experimental technique constraints. Some work concerning high purity
aluminium (n rolling condition) is shown in Figure 2.20les and Mahinsen 2002 which

clearly shows that the average boundary misorientation increases rapidly with strain, reaching

about 3° at a strain of about 1. After that it remains constant up to strain as high as 4.
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Figure 2.20Subboundary misorientation vs. straiNes and Martimsen 2002

The Sheffield grougZhu and Sellars 20Qthave propose@nother relationship for Al
1%Mg alloy during transient deformation conditions in differential form:

= ei (qss - q)de (243

dg

where ¢, is a characteristic strain ang, is the misorientation across subgrain boundaries

at steady state. In their study, the predicted results agree well with the experiments for the
increasing and constant strain rate conditions while the discrepancy became larger during
decreasing strain mtconditions. But this is not the case for extrusion; therefore, equation

(2.38) has the potential to predict the misorientation.
2.3.9 Recrystallised grain size

Static recrystallisation can occur in extrusion after the material travels out of tiAgdre.

from the heavy worked outer region the substructure can be fully recrystallised, fibrous or a
combination of both. Frequently the structure is a mixture of one or more of these types
(Castlel974).

In case of rod extrusion, Subramaniyan (1989) gives an empirical relationstiichnthe

volume percentage recrystallisation is relateldna .
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Volume percentage recrystallisatierna +bin Z (2.49

Where a and bare constantsZ;is the ZenerHollomon parameter calculated using the

initial temperature:

§o

(2.4

N
1
O
|
|-CO0O

WhereT, is the initial temperatureDH is the activation energy for deformatioR, is the

universal gas constant.

Equation 2.46, can only be regarded as an approximation since the quench delay varies with
the strain rate. Constants and bvary significantly for different atlys and depend on
forming conditions. Extrusion conditions such as initial billet temperature, ram speed and
heat treatment have a greatulgince on the final structure.

The relationship between volume fraction recrystalliséd and he holding timet is
generally represented by the John#tehl and the Avram{1939 equation. This equation
predicts the relation between the volume fraction igalljsed and the holding time.

g at g
Xv=1- expj - 0.6938
i Glso

(2.49

-|-CD0O
<

Wheret is the annealing timeg is the Avrami exponent with a commonly reported value
of 2, t;, is the time to 50% recrystallisation. For calculationtgfthe physical model is
generally regarded as the model revealing the mechanisms driving the transformation during

recrystallisation. Sheppard and Du@®02 have confirmed that the physical modll

give better computed salts than the empirical model.
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2.3.10 Volume fraction recrystallized

In the years 1939 to 1941 Melvin Avraifivrami 1939, (Avrami 194Q (Avrami 194)),
has attempted to describe the recrystallisation process. Since then further develgzment
been based upon this model. In this model the recrystallised grain size is assumed to be

proportional to time after incubation. The recrystallised grain Bizg can be described as:

Drex é(t f) (2.4

In this equation the growth ratéf is assumed not to change with tirhis, the holding time
and time after incubationds The recrystallised grain siZ8,., is proportional to time after

incubation. The nucleation rate in the rewcrystallised areas decreases exponentially with

time.

The volume fraction recrystallised,, can be described as:

X, =1- exp(- kt") (2.48

In this equationX,, is the volume fraction recrystallisetds the holding timek and n are

constants. Time to 50% recrystallisatiomlésignatetl, .

In0.5

(tso)°

- k= (2.49

Combining (6.2) and (6.3) the most widely used Avrami equation can be formulated as:

€In0.5 FJ

g .
Xy =1- expl—nt =1- | .69 (2.50)
’ Gy § %

I C‘DOI
<o
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According to Furu and i.e. Nes the Avrami exponehas a value of PFuru et al. 1999
(Shercliff 1997). The Avrami exponent for AILMn1Mg is reported to be 2.4 and for
AlIMn0.5Mg to be 1.6. These values correspond with values @mymfound for
recrystallisation. There would appear to be no theoretical reasomwhguld be alloy

dependent.

2.3.11 Time to 50%recrystallization

The time which is required to reach 50% recrystallisation can be described by the physical
model givenin (2.52). It is generally regarded as describing the mechanics driving the

transformation during recrystallisation. According to Vatne et(8096 t., can be

calculated using (2.52).

—g (2.51)

. . C . . . :
In this equation——— is considered as a constant for a given deformation and temperature
GB' D

and n is a constant with a value o%on the assumption that grain growth is three

dimensional, Furu et a]1999.
2.3.12 Grain boundary mobility

In 1864 Tresca had commenced a series of experiments designed toate dséigproperties

of materials in the plastic zone. From these studies Tresca proposed the yield criterion and
also investigated the effect on recrystallisation ofstindace grain boundary mobiliky ;.

Tresca considered that grain Indary mobility was a thermally activated energy process.
The most widely used equation, Huang and HumpH#389, Driver et al (2009, for grain
boundary mobility is:
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&= Qs
Mg =M, expae%q (2.59
(; -

There is some information available in literature for grain boundary mobility for super pure
and commercially pure alloys containing small levels of Mn and Mg but there is no
experimental data available in EAW 6082 alloys or any other specific alloys. Maf the
attention was focussed on high purity alloys Huang and Humpk2e@€) see Table 2.2

and Driver et al(2005 see Table 2.2. This is the case because it is more obvious to acquire
guantitativeand qualitative information regarding a certain solute on the grain boundary
mobility and the influencing factor of the activation energy for grain boundary migration.
Huang an Humphreyd.999 support the theory that such activation energy is controlled by
the lattice diffusio of the solute atmosphere although they also admit that the situation may
be more complex when it regards the effect of solutes on the migration of high mobility
boundaries whereas Driver et §005 argue thatthe activation energy for boundary

migration is intermediate between that of solute diffusion in the latidealong the grain

boundaries.

Material Misorientation My (mﬂ*] s) Q (kJ/mol)
30C 2.6 0.0005 134
30C 3.8 0.0038 134
70C 3.7 0.0019 134
70C 4.6 0.010 134
TOH 4. 0.005 134
TOH 5.6 0.028 134
All 40° (tilt) 251 152
All 40° (twist) 25 152

Table 2.2Mobility of high and low angle grain boundaries, Huang and Humpl{&ga9)
In the table 2.2, the symbol C stands for a temperature and is 26 andH stands for

high temperature and is 350D. In table 2.3, the results from Driver and et(@D05 are

given for the mobility of high and lowngle grain boundaries.
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V(x10~ ms™) P (i) M(x10-HmTs) Iy [@'s) 0 (kl/mol)

Al-0.1wt% Mn Standard Rex 141 3 3 2 136
Slow Rex 37 k1l L0 1333 168
Raptd Rex 1260 bl M - -

Al-0 3wt Mn Standard Rex 6.6 M0 15 0.09 135

Table 2.3Mobility of high and low angle grain boundaries Driver ef2405

In Drivers study the typical behavior of the majority of the grain boundary migration
experiments is demoed 6 St andard Rex©06. I n some exper.i
boundary migration is slower or even there is no recrystallisation at all was seen which he
termed O6SI|I ow Rex6©6. Very f ast recrystallisa
concens are the values about the more common
categories. However DriveHGandatadi slumphyesg
is more comprehensive and includes both HAGB and LAGB. Drivers HAGB results are
simlartoHuang and Humphreysd mobility values of
of 6randombéb high angle boundari es. Huang ar

and Zhuo6s (200 Oﬁlct— eFsom thenrfdrneation availhbitoan be &ssumed

GB

that the data can be applied to EN A082., Sheppard (2008).
2.3.13 Grain boundary surface area per unit volume

Tetrakaidecahedra have sections with good sfibiog power that approximate closely to

grain shapes observed metallographically, see F@y@fe

A
a

s
3

L

Figure 2.21TetrakaidecahedroiZhu et al. 200y
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A general deformation matrix (engineering strairgc® on a vectar to give a new vecto

v as follows(Zhu et al. 200y

541 Siz Si 1 vy
521 S2z Sa3 u=)=(”:)
531 Saz Saa/ \Usz Vs (2.53

According Zhudbés wor k, i n axisymmetric tensi

and rod rolling), S,, =S,; and volume conservation requires t8at=,/S,. For the

tetrakaidecahedron oriented as in Figure 6.2.

1 1
(3511)%+é£ +S & +} +}éi +2S &
S _ B0 Ta ey T (2.54
S, 1+24/3 '

Where §, is the grain surface area at zero strain.

S/O :M (253

8J2a
&,=In(s;,) (2.59

in which a is the length of the edge of the tetrakaidecahedron.

s, =828 gere,) ros7iemie, ) ol ) 2.5
a

Equation 2.52 only applies for axisymmetric extrusion, which could not be used as an

approximation for complex shape extrusions.
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2.3.14 Nucleatiorsites per unit volume

During recrystallisation the phenomenon that the nucleation rate decreases so rapidly that all
nucleation events effectively occur at the start of recrystallisation is termed site saturated
nucleation (Humphreys and Hatherly 2004 , p233Cahn 1996). Nesasite saturated
nucleation applies to the rectgllisation after hot deformation of aluminium has been
confirmed experimentally and applied into the modelling and simulation of its
recrystallisation process (Daaland and Nes 1996; Vatne et al. 1996; Rossi and Sellars 1997,
Furu et al. 1999). Most autl®oused compression techniques to accumulate these data but
they refer to low strain rates. This theory is based upon dilutdgAdbr Al-Mg-Mn alloys

and has not been validated and callibrated in depth for EN6AUO0 series alloys nor that

can itbe appliedo more complex deformation. But we proceed with caution.The nucleation

per unit volume can be described as;
N, =G,y (2559

Where d is subgrain size§, is the grain boundary area per unit volurig,is a constant

which has been acquired by first using nucleation models from ¥aai€1996 and Sellars

C o : :
(1997 to geth, then substituting experimental data at a strain rate of 2.5/s t6,get

whose value is 1.4810* (Furu et al. 1999 Duan and Sheppa(@003 have used a value

of 2.6310°° for C, which they considered to be more suitable for extrusion simulation

whilst they use®.0004 for rolling simulation of aluminium alloy 5083uan and Sheppard
20023. Furubés values are derived from experim

berelated to EN AW6082 materialThe procedure of the estimation©f is from Vatneet

al.d s wWI®IGkN, , S, andd,,, are described as follows:

N, =C,f(d)s, (2.59
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S = d—i{exp(e)+ expl- €)+1) (2.60

(2.61)

Qo
=
-CDOY,

rex

o
I

i

£|

Where f(d) is a function of subgrain sizel ., is the recrystallised grainsize andis the

average grain size before deformation. Therefore at fifstan be achieved by the equation

(2.54). Using measured, ., from experiment. Secondly at a strain which is bigger than
needed for the subgrain to reach a steady state (i.e. the subgrain size is a constant) when at a
given strain rate, the (&) and S, would be constas, thereforeC, f (@) is obtained also as

a constant.

Thirdly, Jonas, Sellars and McQueen (1969), calculated the steady state subgrinatize

various strain rates from the empirical dependendb® ZeneitHollomon parametez , and

suggested the following equation:

1
a

SS

=AnZ- B (2.62

aQ. 0. . .
Where Z = #expg%gls the ZeneiHollomon parameterg is the steady state subgrain
(; -

size, A and B are constants) to estingitefinally a graph oflog(C, f (¢)) againstlog(d.,)

2

Qo

was made, a relationship bfa)= <3

SS

was assumed and, the constad was

L)
-|-COO

determined.
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2.3.15 Stored energy

The total stored energy per unit volume (U) (Eshelby 1953) and (a&dlars 1997 is
affected by the dislocation density) @nd the energy per unit length of dislocation line (E),

and recovery can be considered to reduce stored energy as;
dU = Edr + rdE (2.63

The first term arises from reduction of dislocation density, e.g. by growth of links and
annihilation by dislocations of opposite sign. The second term arises from a reduction in
energy per unit length by polygonisation, which can be simply estimatedtieostandard

relationships for elastic energy of distributed edge dislocéater 1987.
Q
Eel = Eo ln 8 (264)

2
—) , Gis shear moduluy,is Poissons ratio aralis Burgers vector.

whereE, = 2 (1
p(l- v

1
Taking the outer cuoff radius, r;, as 0.5 (I the mean link lengtt? r 2) and the core

radius as5b (Eshelby 1958 (Humphreys and Hatherl2004), with the core energy

. GB?
10

° E, (Dieter, 1987, p. 163) leads to a total energy per unit |eogttiislocations in

the matrix.The total stored energly, per unit volumgSellars and Zhu 20Q@quals:

a 600
- Inga’-aao (2.69
= g B
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2.4 FEM Modelling

The most widely used finite element formulation in solid mechanics is the displacement
approach. The displacement field within the element is defined in terms ohebsu
functions (interpolation functions) and unknown parameters at the nodes which are either
displacements or displacement related quantities such as slopes and curvatures. For each
finite element, a displacement function in terms of the element coomslipatg, z) and the

nodal displacement parameters is chosen to represent the displacement field, and thereby the
strain and stress within the element. A stiffness matrix relating the nodal forces to the nodal
displacements can be derived through the agipdin of the principle of virtual work or the
principle of minimum total potential energy. The stiffness matrices of all the elements in the
domain can be assembled to form the overall stiffness matrix for the system. After modifying
the global stiffness atrix in accordance with the boundary conditions and establishing the
force vector, the system of equations can be solved to yield firstly the nodal displacements,

and subsequently the stresses at any point in each individual element.

2.4.1 The equilibrium equation in FE simulations

Depending on the character of the material response to external and internal load, the

mat erial dynamics are conveniently describe
equation of motion,thé weak f or mé of the virtual work p
quantified byte &é mi ni mum mechanical energyo.

A simple straightforward approach to deriving the equations for displacérased finite
element codes starts from the general prinajbleirtual work. This is the work done by
arbitrary small virtual displacements due to the forces and the moments acting on a solid
body in accordance with continuity and displacement boundary constraints. For the most

general cases this principle canviétten as (Zienlewicz and Taylor 2005, p.14):
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oW'= i Fi TV = PitfiV + T S + F ol (269

Where dW is the virtual work which results from the strain due to the virtual displacements
d ¢that acts on the stresses This work equals the sum of the virtual work which results
from the virtual displacement#l due to the body forde, to the surface forcg, and to point

forcesF. Sis the surface that encloses the volihe

Equation (3.1) is generally valid for an arbitrary body. However, the finite element method
decomposes the solid under investigation into a large numpefrsimply shaped volume
elements which are connected at nodes. Thus equation (3.1) applies fonddaiclual
element under implicit consideration of equilibrium and compatibility. The course of the
displacement is approximated in each finite element by interpolation polynomials that enter
all n equations of the form of equation (3.1). This amountsatoulating the volume and
surface integrals over each finite segment individually and subsequently summing up all
elements. Assuming that the point forces are only applied at the nodal points, the equation

(3.1) may then be rewritten

. Y . y v . U/ . Y

At fidhav =4 b iV + 4 FTR S+ 4 F,dlly (2.67)
2.4.2 Finite element kinematical description

The algorithms of continuum mechanics usually make use of two classical descriptions of
motion: the Lagrangian description and the Eulerian description. Lagrangian algorithms, in
which each individual node of the computational mesh follows the associattediah
particle during motion, are mainly used in structural mechanics. The Lagrangian description
allows an easy tracking of free surfaces and interfaces between different materials. It also
facilitates the treatment of materials with history dependentstdutive relations. Its
weakness is its inability to follow large distortions of the computational domain without

recourse tdrequent remeshing operations.
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Eulerian algorithms are widely used in fluid dynamics. The computational mesh is fixed and
thecontinuum moves with respect to the mesh. In the Eulerian description, large distortions
in the continuum motion can be handled with relative ease, but generally at the expense of

precise interface definition anlde resolution of flow details.

Arbitrary LagrangiarEulerian (ALE) technique has been developed that, to a certain extent,
succeed in combining the best features of both the Lagrangian and the Eulerian approaches.
In the ALE description, the nodes of the computational mesh may be moved wittugon

in normal Lagrangian fashion, or be held fixed in Eulerian manner, or be moved in some
arbitrary specified way to give a continuous remesh capability. Because of this freedom in
moving the computational mesh offered by the ALE description, gresterttbns of the
continuum can be handled than would be allowed by a purely Lagrangian method, with more
resolution than that afforded by a purely Eulerian approach (Belytschko 2000,15)1(3
Bonet and Wood 1997, p.3.3).

2.4.3 Finite element discretisation and element type

To divide the continuum or problem domain into valid finite elements is to discretise the
problem domain involved. The number, size and shape of the elements are critical for a
successful finite elemeéanalysis. The element should be small enough to give useful results

and large enough todace the computational effort.

Depending on the problems studied different shapes of elements can be adopted. Basic
element shapes are shown in Table 2.4. Theeshaizes number, and configurations of the
elements have to be chosen carefully such that the original body or domain is simulated as
closely as possible without increasing the computational effort needed for the solution.
Mostly the choice of the typef @lement is dictated by the geometry of the body and the

number of independent coordinates necessatgscribe the system.
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Dimension Type Geometry

Line (1-D) Spring. beam 1 2

2 3

2D solid, axisymmetric
Area (2-D . -
(2-D) solid, plate

2
b :
1 i
1
Volume (3-D) 3D solid 1
e 4
bt 5

Table 2.4 Basic element shapes

One dimensional or line element can be used if the geometry, the material properties, and
thefield variable of the problem can be represented in terms of only one spatial coordinate
while the configuration and other details of the problem can be described in terms of two
independent spatial coordinates the -tlimensional elements can be used hkewise,
threedimensional elements have to be employed when the description of the geometry,
material properties, and other parameters of the body needs three independent spatial

coordinates.

2.4.4 Mesh generation

Currently the most popular approasHer mesh generation are the Delaunay triangulation
and the advancing front techniquieeé 2003) \th the latter technique, also called the
moving front method, the tetrahedral (or triangular) mesh is progressively generated by
creating elements one byeanin this method an active frontal face is selected to define the
position of the fourth node in order to create the best tetrahedron. This process is repeated
until the whole volume is meshed. Although the advancing front technique generates very
good quality meshes in terms of the element shapes, it requires a very large amount of

computation time.
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Therefore this technique is unsuitable for the simulation of extrusion where a largetamou

of remeshing is necessaryhe Delaunay triangulation genages tetrahedral (or triangular)
meshes for a given set of nodes according to the Delaunay critéfeatherill and Hassan

1994). In this method the mesh is first generated on the boundaries of the volume (or the
surface) and nodes are then inserted incrementally inside the mesh. The tetrahedrons (or
triangles) are redefined according to the Delaunay criterion. Generally tiiednstused

with specialised algorithms which force or recover the surface triangulation to match the
original geometry. This is known as the o0l
(Weatherill and Hassan 1994). This is the preferred method foragergemeshes for the
workpiece in extrusion. The 3D geometries were modelled and meshed at the boundary using
I-Deas (a CAD and FEA package). The surface meshes of the workpiece and tooling were
then transferred td-orge2009®(Transvalor 2009a2009). The software algorithm
generated the internal mesh of the workpiece with tetrahedral elements and the surface
meshes of the tooling with triangular elements.

2.4.5 Meshrefinement

Different global mesh edge lengths were defined and applied to the deformable parts (billet

or feedstock). Mesh edge lengths were locally adapted depending on the local curvature.
Mesh size distributions were imposed during computation byrug é mes h boxes b
boxes were fixed (i.e. they did not move with the material flow) and a local element length

was defined wittm their surfaces (or volumed)s with every FEA, a fine mesh is required

for those specific areas where accuracy is requi Therefore mesh boxes were
implemented at die entries, die exits and sometimes at tooling boundaries. After several
analyses, it was found that a minimum of four element edges should be used to define a fillet
radius. It was also established thahi@mimum of 10 elements should be used to represent

the extrudate thickness at the die land area.
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2.4.6 ReMeshing

Forge2009@(Transvalor 20098200%) automatically renesh the workpiece

(or feedstock) at a given frequency or if the mesh has been degenerated. A mesh is
considered degenerated if either some of the elements become too distorted, or if the contact
surface of the workpiece does notrrespond accurately to the tool surfaces. The element
distortion is measured by the quality parame®eiin terms of the relative Jacobian between

the reference element (wip= 1) and the distorted element. The time required to compute
the numericakquations is highly dependant on the quality of itesh. Coupez (1994)
suggested that a good strategy WFtrge2009®Transvalor 200920090 is to remesh as
oftenas possible. However a good quality mesh is costly in terms of computational time
and power. Therefore, to perform an efficient analysis, a compromise must be obtained
between the degree of discretisation (i.e. use of mesh boxes), the frequenroyediing,

the computing power and time available.

2.4.7 Contact Conditions

In the analyses used for this thesis the tools were considered rigid, i.e. non deformable
Forge2009®Transvalor 2009&2009h). The interior of the tools were not meshed and only

the boundary surfaces were discretised. The number of equations to be solved
simultaneously was therefore greatly reduced the mesh wfditigiece is updated at every

step of remeshing. The midpoint of each element boundary edge is tested. If a midpoint is

found inside the tools then a node is created and the element is divided into two elements.
Every node found inside the tools is jeaied onto the surface of contact by an

impenetrability algorithm Figure 2.22llu strates this contact condition.
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Figure 2.2Za) Midpoint penetration and (b) impenetrability algorithm
2.4.8 Finite element discretisation and increment approach

The detailed theory of this topic can be found in many textbooks. Below is a concise
description of it. Using isoparametric elements, the veldalgv, can be discretised in

terms of the nodal velocity,, shape functiorN and local coordinate vectaras:

V=8N, [V, (269

n

The mapping with the physical space isiged by

x=4 N, ()X, (2.69

n

The strain rate tensor is computed with the help oBtlieear operator

#=3 BV, (2.70

The pressure fieldpis discretised in term of nodal pressiRg, with compatible shape

functions,
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p=ng P,M,(x) .79

For purely viscoplastic materials, the most popular scheme for nodal update can be

performed with the Euler explicit scheme. TheiX(fis the coordinate vector, at tinhe- Dt

the new coordinate vector
X&' =X+ Dy, (2.72

A second order scheme was shown to improve the accuracy with a Runge and Kutta method

or the semimplicit scheme (Chenot et al. 1999

X = Xt +%Dt(\/n‘ ryen) 2.73

2.4.9 Microstructure modelling of aluminium extrusion

Traditionally, forming large models of systems has been via a mathematical model, which
attempts to find analytical solutions to problems and thereby enable the prediction of the
behaviour of the system from a set of parameters and initial conditionse \&émiputer
simulations might use some algorithms from purely mathematical models, computers can
combine simulations with reality or actual events, such as generating input responses, to
simulate test subjects which are no longer present. Whereas thegnesgirsubjects are

being modelled / simulated, the system they use could be the actual equipment, revealing
performance limits or defects in loftgrm use by these simulated users. Note that the term
computer simulation is broader than computer modelitgch implies that all aspects are
being modelled in the computer representatitmwever, computer simulation also includes
generating inputs from simulated users to run actual computer software or equipment, with
only pat of the system being modelle@omputer models can be classified according to

several independent pairs of attributes, including:
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-Stochastic or deterministic (and as a special case of deterministic, chaotic)
-Steadystate or dynamic

-Continuous or discrete (and as an important sppease of discrete, discrete event)

Equations can be developed to define the relationships between elements of the model when
the system is in equilibrium. Such models are often used in simulating physical systems, as
a simpler modelling case before @dynic simulation is attempted. Dynamic simulations
model changes in a system in response to (usually changing) input signals. Stochastic models
use random number generators to model chance or random events; a discrete event
simulation (DES) manages events ifime. Most computer, logitest and faultree
simulations are of this type. In this type of simulation, the simulator maintains a queue of
events sorted by the simulated time they should occur. The simulator reads the queue and
triggers new events asataevent is processed. It is not important to execute the simulation

in real time. It's often more important to be able to access the data produced by the
simulation, to discover logic defects in the design or the sequence of events. A continuous
dynamic smulation calculates numerical solutions to differential equatiordiffarential
equations Periodically, the simulation program solves all the equations,uaed the
numbers to change the state and output of the simulation.

2.4.10 Finite Element Model

The finiteelement method originated from the need for solving complex elasticity and
structural analysis problems in civil and aeronautical engineeringe\Whe approaches

used by these pioneers are dramatically different, they share one essential characteristic:
mesh discretization of a continuous domain into a set of discretdosnains, usually called

elements.
The finite element method (FEM) (sometsneferred to as finite element analysis (FEA))

is a numerical technique for finding approximate solutions of partial differential equations

(PDE) as well as of integral equations.
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The solution approach is based either on eliminating the differentiatiequcompletely
(steady state problems), or rendering the PDE into an approximating system of ordinary
differential equations, which are then numerically integrated using standard techniques such
as Euler's method, Rungfaitta, etc.In solving partial diferential equations, the primary
challenge is to create an equation that approximates the equation to be studied, but is
numerically stable, meaning that errors in the input data and intermediate calculations do not
accumulate and cause the resulting outpioe meaningles$here are many ways of doing

this, all with advantages and disadvantages. The Finite Element Method is a good choice for
solving partial differential equations over complicated domains when the domain changes
(as during a solid stateaction with a moving boundary), when the desired precision varies

over the entire domain, or when the solution lacks clarity.

The FEM software Forge2009® that is developed by Transvalor, a French company, and
incorporates Forge®2 and Forge®3 is seletidae used in this research, because it has the
ability to simulate thermonechanically coupled large deformation both in 2D and 3D, to
remesh the FEM model automatically, to calculate the evolving contact and frictional
interfaces and complicated tematerre evolution, and most importantly, its usabroutine
interface offers users flexibility to incorporate their own material and stalagvolution
models into it. Theacedure for a finite element analysis (FEA) has been well established
and can beeen in many bookéReddy 2008 (Zienkiewicz et al. 2006 Reddy(2006),

p.105, summarised the basic steps of an FEA as follows:

1) Discretisation (or representation) of the given domain into a collection of preselected
finite elements (This step can be postponedl uhé finite element formulation of the
equation is completed);

2) Derivation of element equations for all typical elements in the mesh;

3) Assembly of element equations to obtain the equations of the whole problem;

4) Imposition of the boundary conditis of the problem;

5) Solution of the assembled equations;

6) Postprocessing of the results.
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2.4.11 Thermatmechanical process modelling using the Finite Element Method

The simulation calculation of an extrusion sequence in an industrial environoreists
principally of a thermemechanical analysis of the plastic deformation. Chenot pioneered
the development of the Forge software which became a successful product for the simulation
of forming processes (Chenot anchaStel 1996). Deform is also ored the main
commercially available simulation software packages, however Ansys, despdalitear
functionality, is more suitable for generionlinearsimulations Huetinkdeveloped DIEKA

which is used more as a research software. Modelling of thereatanical processing of
metals is one of a number of industrial modelling activities which has been reviewed in
response to the technology foresight exer(®&eercliff 1997. This illustrated the breadth

of industrid processes and alloys for which there are common underlying challenges in
process modellingShercliff and Lovatt 1999 Modelling of thermemechanical processing

of metals is one of a number of maémodelling activities. The Finite Element Method is

a general numerical means of obtaining approximate solutions in-sphoandary and
initial-value problems. It is based on generating the governing differential equations and the
discrete algebraic cuinterparts of the problems under investigation using a variation
formulation, the development of the state variable being approximated by appropriate
interpolation functions. The application of numerical techniques to the continuum mechanics
problem, devieped over the last three decadgwsata et al. 197@ (Liversley 1983,
(Reinikainen et al. 1994 Schikkora et al(2008 has improved the capability for an

integrated treatment of both telolad demands and internal micromechanics.

Currently, computer modelling and simulation of the material forming processeeas b
developed to the point where it may be used to solve industrial problems. Computer
modelling is often treated as a universal tool in all problems of metal forming processes.
Taking a general view of the present state of the art in terms of numeridallimg, it
appears that the finite element method is most suited to thedinneasional analysis of
material forming processes. In fact the finite element method can take into account practical

nontlinearity in the geometry and material properties, desproducing accurate
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predictions of stress, strain, strain rate and temperature throughout the deforming billet
(Chanda et al. 2000(Chenot and Chastel 199¢Duan andSheppard 2003 (Flitta et al.

2007); (Kobayash et al. 1989. For many deformation processes, there is a view that
continuum mechanics FEM is well established, both for simulating the manufacturing
process itself and the | ess obvious task of
detemine constitutive behavio§heppard and Wright (1979). The greatest limiting factors

at the continuum level in all metldrming analyses are poor characterization of interfacial

friction conditions (and to a lesser degree heat transfer), and the néegraved models

of material constitutive behavior for complex deformation histories and for heterogeneous
materialg(Shercliff 1997.
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3 Experiments

This chapter outlines the experimental processes used to perform the investigation. These
processes and techniques include the extruded matieallies and comments on die
design. The extrusion press and instrumentation are described as well as the techniques and
methods which are used in investigating the extruded sections.

3.1 The extrusion press

The experiments were performed on a 5SMN hwtic horizontal press at BOAL Finex B.V.

in the Netherlands. The extrusion ratio was approximately 26:1 for the rectangular section,
38:1 for the Ushape section and 42:1 for the tube section. Process parameters were varied
following a constant set of pameters. The ram speed was set at 6mm/s, 12mm/s and
22mm/s. The initial billet temperatures were set at 480°C, 500°C and 520°C. The temperature

of all dies was 450 °C. The billet length was 250mm and the diameter was 90mm.

Figure 3.1The press used in the experiments
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These parameters were selected by the investigator who had special knowledge of the press
and were meant to ensure minimum recrystallisation. Extrusion parameters were recorded
during the experiments. Figure 3.2 showrass section of the essential parts of the press
with highlight to the most important parameter measurements. The pressure was recorded
on the control console transducer attached to the main cylinder. It recorded the actual
pressure in bar. The billet teenature was measured by means of contact theouples in

the billet oven. The exit temperature of the extruded profiles in the experiments were
measured and recorded by means of a contactless Pyrometer which uses a duditavave
redsignal. The pyromet is made by 3T in Israel. The temperature readings were taken very
close to the front plate where the material exits the presgi{J. The distance between the
measuring point and the die exit is 35cm. In the press mouth the temperature drop is very
small because of the insulation of the frgolate. The extrusion speed usually allows the
temperature readings to take place within one second after leaving the die. The temperature
at this point will be very close to the temperature at die exit. In theodday practise of
extrusion the extruded sections greded by a puller system for transport from the-oun

to the table.

P transducer \
Main cylinder / T exit
/ N 3T IR

F

—W V Puller

Figure 3.2Schematic overview of the press with the measurement instruments
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The position at which the exit temperature readings were taken is also the sample taking
position. The gas heated billet oven which is commonly used does not allow for fast
temperature vaations. Therefore a compact convection oven was used to heat the billets to
the required temperature, (within max 10°C variation). The billets were manually introduced
to the mechanical billet conveyor system. From this point material handling was performe
automatically according to the parameters set on the press. On the table the profiles were
guided by means of a puller with -2Q0N puller force. At the beginning of the table the
sections were stretched. The extrusion speed was recorded by meareseof @nspposition

measurement system which is attached to the puller.

3.2 Material

Table 3.1 gives the chemical composition of the materials used in the experiments.

Element Concentration %
Si 0.90-1.14
Fe 0.15-0.25
Cu 0.05-0.10
Mn 0.40- 0.54
Mg 0.60- 0.74
Cr ¢ 0.05
Zn ¢0.14
Ti 0.005- 0.054
Pb -
B ¢ 0.001
remainder
per elemer ¢ 0.05
total ¢0.15

Table 3.1The alloy composition used in the extrusion trials

The material used is an alloy from the EN A082 alloy range. The material was produced

by Alsinta in Taiwan and homogenised. The composition of the alloy meets the
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internal criteria for the alloy specification BC68 used at the BOAL Group. This alloy is
commonly used for the extrusion of both hollow and solid sections at the extrusion presses
in the BOAL Group. Table 3.1 gives the alloy composition used in the iengrais. The
material received Romogenizing heat treatment prior to extrusion at 580°P@ feurs and

was cooled by forced air to room temperature. The homogenizing heat treatment is generally
performed to create a suitable structure for extrusion {alystabuting alloying elements,

precipitates and inter metallic phases.

3.3 Extruded secions

There are three different profile geometries used in the experiments. The three different
geometries are a rectangular section, &hdped section and a tube section. These
geometries are selected for the experiments because they represent aatimssoke
geometries used in the practice of extrusion today.

(93}
o

Figure 3.3Rectangular profile (dimension in mm)

The rectangular section, figure 3.3, is selected because it is likely to be extrudadhat a
extrusion speed. It is also relatively easy to take samples to allow for structure investigations
but to reach solutionising temperature the billet temperature needs to be relatively high
compared with the exit temperature. Because of the simplegamitietry the temperature

rise during extrusion is relatively low. Potential variation in microstructure over the cross

section of the sample can be observed with the selected sample dimensions.
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Figure 3.4U-shapedrofile (dimension in mm)

The Ushaped section, figure 3.4, is selected for the experiments because it has a small wall
thickness and the legs of theddape are very sensitive to surface defects caused by
variations in the extrusion speed or the extnus@mperature. Section complexity (i.e. level

of details and surface to volume ratio) results in high temperature rise due mainly to friction.

Good control of the extrudate temperat@reritical for surface quality.

/(\\ N _‘
T |

Figure 3.5Tube sectiorfdimension in mm)
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The tube section, figure 3.5, is selected because in practice hollow sections are widely
applied. Hollow sections require a different die design. The die will consist of two parts a
core and a plate to allow for the inner and outer part of the profile formed. During
extrusion the material has to shear to flow across the web and subsequently weld in the
welding chamber to form a closed hollow section. This complex flow process during
extrusion will contribute to temperature increase of the extrudatéowdsections such as

the tube are therefore very sensitive to variations in extrusion temperature and extrusion

speed.
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When extremes occur such as very low or very high temperatures or very slow or very fast
extrusion they will have a direct effect ¢ime integrity of the sections as well as on the
structural properties of the profiles. The three selected shapes give a representative overview

of potential practical problems related to extrusion.

3.4 Die designs

Design rules as outlined in chapter@vh been applied to designs for the dies which were

used in full scale production trials on one of the presses at BBigure 3.6 presents the

diesused in the experiments.

A: die for rectangular shape B: die for U-shape section

C and D die consisting of two parts used for the Tube section

Figure 3.6The dies used in the experiments
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The approach in die design is feature based where the complex geometry of the die is split
up into more manageable geometries. The die features whictbéamdaken into account
are; bridge, feeder hole, welding chamber, bearing, sink in and die orifice. The dies used are

shown in Appendix 3.

3.5 Extrusion experiments

Full scale extrusion trials have been performed on a press at BOAL Finex B.V. inrdelmo

the Netherlands. The press which was used had a capacity of 5SMN. The extrusion speed was
varied between approximately 6 and 22 m / sec. The profiles were stretched to about 0.5%
of the extruded length above elasticity limit of the material. The exdrieteyth is 1 billet

per shape per temperature and per speed. The extrusion temperature of the 6082 billet is
varied between 480 and 520°C. The profiles were air quenched with a cooling speed of more
than 1°C / sec. Cooling rates were checked manusittg hand held thermoouples.

Temperature readings {@xit) were taken using an infrad meter (3T). Ram speed,
pressure and billet temperature were taken from the pulpit display and records. The extrusion
pammeters are given in table 3.2.

In Full Scale Extrusion trial the three geometries have been extruded and temperatures and
speeds have been varidd.the table 3.2 the selected samples are shown. For discussion a
number of experiments which are displayed in the figure below have bleetede The

temperature settings were the same for each horizontal row.

107



520°C 1 4 )

500°C 2 5 8 @

a80°c | 3 | 6 | {9  i2h ({15}

[ [ — ! L | v\ N
AY 4

Se_o”

6 mm/s 12mm/s 22 mm/s 12 mm/s 12 mm/s

Table 3.2Theexperimental samples usedthe research

In view ofthe large number of experiments a statistical selection has been made to be used
in simulations and structure investigations. The geometries given in Table 3.2 with a broken

line are not included in simulations and structuregtigations.

3.6 Examination of extrudates

Samples were collected for further examination. The samples were all collected at 1 meter
from the end of the extruded length. This position ensures that steady state was reached and
that all samples hadeached the maximum extrusion temperature since the maximum
extrusion temperature will be reached towards the end of the extrusion run. Therefore it is
regarded as the most reliable and representative position for sample collection. The collected
sampleshave been used for optical microscopy, electron microscopy and EBSD (Electron

Backscatter Diffraction) analysis.

3.6.1 Optical microscopy

Optical microscopy was partly performed by Hydro Research and Technology Development
(RTD) in Sunndalsgra, Norway @mpartly performed by BOAL Beheer Laboratories in De

Lier, Netherlands. Optical microscopy was used to determine particle size and distribution,

macroscopic degree of recrystallisation and msgwpic degree of precipitation.
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At Hydro RTD samples were grared by grinding at 220, 320, 500 and 1200 mesh and
polished with 3m and Em diamond polish. After @ishing the samples were anaetis

using a mixture of 95ml distilled water and 5ml 35% HBF4. The anodizing was performed
in Struers Polectrol anodizing itifor 1-2 min at 20V, flow rate 4. Grain size measurements
were done according to the line intercept method (ref. Metals handbook) using a Leica
5000M/CTR6000 stage controlled light optical microscope. A Qimaging Micropublisher 5.0

digital camera and Ima&dpro 7.0 software were used fmaging the grain structure.

At BOAL laboratories the samples were prepared by grinding at 220, 320, 500 and 1200
mesh and polished witle& and £m diamond polish. After polishing samples were etched

using 10 grams of NaOe nd 90 gram of water. Anodi zing
etchant, 45 parts of HCI, 15 parts of HNO3, 15%paf HF and 25 parts of wattar 10-15

sec. Images were taken by Leitz Metallux Ill Microscope, images were photographed by

Leitz Collorview Illu imaging system

3.6.2 Electron microscopy

Particle investigation was performed by electron microscopy at Hydro RTD. The samples
were ground at 220, 320, 500 and 1200 mesh and polished awittaBd £m diamond
polish. The analysis was performed Bgckscatter Electron Micrographs of the particle
structure and was made using a Hitachi SU6600 Shottky Field Scanning Electron
Microscope. Microscopic investigations were performed at positions in the various profile
samples which are given in Figure 6.t8chapter 6. Evaluation of recrystallisation is
performed by the operator evaluation of the light optical micrographs of the grain structure.
If the recrystallisation is inhomogeneous (i.e. nor 100% recrsytallised or 100% not
recrystallised), the volumedction recrystallised is estimated using the grid method in LOM
over a representative area dependent on the samplesexigs.
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3.6.3 EBSD analysis method

Subgrain size measurements and misorientation analysis were performed by means of EBSD
analysis(Electron Backscatter Diffraction) method. The samples were ground at 220, 320,
500 and 1200 mesh and polished wignm3and £m diamond polish. It is important to
remove the prior deformation layer in each grinding and polishing step. After polishing, the
samples were electqaolished in A2 electrolyte at 30V, flow rate 7 fed3ec using a Struers
LectroPol 5 electrgpolishing unit with cooling (the sample was kept below 25°C. (A2
electrolyte consist of: 100 ml distilled water, 580ml ethanol, 83 ml beltgkolve
(C4H90OCH2CH20H)1 (ethyleneglycolmonobutylether) and 65 ml-72% HCIO4

(perchloric acid).

Sanmples were collected from representative areas within the sample. Various samples were
collected for different purposes such as overall grain structige a cross section of the
whole sample, detailed samples for subgrain size and misorientatidher samples were

collected for degree of precipitation.

Two 1mm?2 areas, one in the centre zone and one in the edge zone of the samples were
analyzed irthe rectangular profiles. One area of 1 mm? in the centre of #feapled and

tube profile were analyzed. The locations of the sample area are given in Figure 6.20 in
chapter 6 and are chosen to be representative with respect to the structure visible in th

optical micrographs.

The EBSD acquisition was performed in a Hitachi SU6600 Shottky Field Emission Scanning
Electron Microscope equipped with a Nordiltra-Fastdetector and software. The EBSD

data analysis, indexing and data processing were perfamieil. EBSD software.
The procedure which was used to determine the subgrain size and the misorientation is

embedded in the EBSD software. The following steps can be identified: At first the particles

size is measured. The program needs to be set wiitmmimstep size to obtain
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good resolution on the actual picture. Required for good resolution are at least 10 pixels in a
small grain. Then the measurements are started which are based upon pixel numbers in each
grain. These measurements are used in #h@ilations where grains and subgrains are
identified based upon grain boundaries. Each pixel has a diffraction pattern which is used in

the calculationsSubgrains are defined with low angle boundaries <15°.
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4 FEM modeling

The most widely used finite element formulation in solid mechanics is the displacement
approach. The displacement field within the element is defined in terms of assumed
functions (interpolation functions) and unknown parameters at the nodes which are eith
displacements or displacement related quantities such as slopes and curvatures. For each
finite element, a displacement function in terms of the element coordinates (X, y, z) and the
nodal displacement parameters is chosen to represent the displaftelicheartd thereby the

strain and stress within the element. A stiffness matrix relating the nodal forces to the nodal
displacements can be derived through the application of the principle of virtual work or the
principle of minimum total potential energihe stiffness matrices of all the elements in the
domain can be assembled to form the overall stiffness matrix for the system. After modifying
the global stiffness matrix in accordance with the boundary conditions and establishing the
force vector, the stem of equations can be solved to yield firstly the nodal displacements,

and subsequently the stresses at any point in each individual element.

4.1 Techniques used in the FEM simulation

A successful aluminium extrusion simulation demands an FEM s@ftthat at least can
handle the problems described by Bianchi and Sheppard (1987) and later more

comprehensively by Chenot et al. (1999) as below;

- Large deformation both for 2D and 3D cases

- Remeshing

- Complicated temperature evolution

- Thermemechaical coupling

- Possible changes of microstructure of the work piece during deformation.

Haepp and Roll (1999) estimated that about 60 finite element (FE) software packages were

used for the simulation of forming processes. In their study, initiallg tboenmercial
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software packages were selected for their further investigation. Against the features listed
above a technical evaluation was carried out by them usingextion extrusion as the
benchmark problem for the chosen software. Finally they wenginced that the French
software Forge2® and Forge3® (currently the latest version is named Forge2009®)

performed best during thegection extrusion simulation.

The Frenckdeveloped FEM software Forge2009® that incorporates the 2D and 3D module
is used in this study. Forge2009® is dedicated to the simulation of hot, warm and cold
forging of both 3D parts and 2D geometry parts (axisymmetric (revolution) parts and parts
with high lengthto-width ratios.

FEM has long been proven to a powerful tool it @engineers and researchers to solve
problems in a wide range of fields and the hardware for computers have also been improved

or even innovated greatly in the past decades. However it seems that it is still very difficult

for these electronically techrolg i ¢ a | devel opments to meet sc
their ambition for more realistic simulation for the reality. The most notorious problem is

the unbearably long time needed for a complete three dimensional extrusion simulation with

a complex shae.

The most common measure for a FEM software user to reduce computation time is to take
advantage of the symmetry of the problem studied. If the configuration of the body and the
external conditions (i.e. boundary conditions) can be regarded as syenithetn only the
repeated part of the structure needs to be modelled. There are three common types of
symmetry encountered in engineering problems: reflective (or mirror) symmetry, rotational

(or axial) symmetry and inversion symmetry.

For an extrusion simulation, a very fine mesh has to be used in the areas of die mouth, die
land and in the following extrudate. Therefore in a complete extrusion simulation, as the ram
travels, many small elements in the extrudate will cause congestioch wakes the

simulation practically impossible. To solve this problem and facilitate extrusion

113



simulation, an autérim technique that so far has not been found in other similar FEM
softwares was invented with t heandTransvhla.bor at |
Auto-trim involves killing the elements that are some distance from the die orifice and does

not affect the correct calculation, the number of elements in use are significantly reduced.
Because auttrim reduces the calculated elementsnpatation time will be saved and focus

can be concentrated on the part of interest without having to waste elements in the material

far away from die exit.

Axis

Figure 4.1Symmetry and auttrim used in 2D simulation

Figure 4.1 shows a rod extrusion is simplified into a 2D axisymmetric FEM model. Figure

4.2 (c) is a magnified view of the extrudate after &tito.
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Symmetry plane

Elements bélow this  (0)

(a) surface have been
deleted.

Figure 4.2Symmetry and auttrim used in a 3D simulation

Figure 4.2 indicates a 3Bimulation that utilises the mirror symmetry and atnim
technique. It should be noted that excessive time is still required for a complete extrusion
cycle simulation of a complex section even when the symmetry andremtare employed.

To further expdite the computation, a cluster version of Forge® software would be

necessary.

4.2 Finite element models

Finite Element Models are used to create a simplified representation of the real problem

under study, in this case the extrusion of a number ohgetes.

Figure 4.3 shows the Finite Element Models used in the simulations. The tools (ram,
container, die including bridge die for tube extrusion) are regarded as rigid in the simulations
without deformation. To facilitate the simulation the symmetryhef studied geometries

was considered. The advantage of using symmetry of the geometries is to reduce calculation
time by avoiding unnecessary repetitions. For the rectangular shape only one fourth of the
real geometry was used. In this way the numbe&iehents in the mesh which are needed

to be calculated is reduced and therefore the calculation time is reduced.

115



-~
”

(a) Rectangle (b) U-shape (c) Tube

Figure 4.3FEM configurations prior tsimulation for (a) rectangle, (b)-thape and (c)
tube, where part A is the ram, part B, the container, part C the billet and part D the die

(orifice) and part E is the die bridge

For the Ushape only half of the real geometry was used. For the Tub@woalgixth of the
geometry was used. To achieve reasonable accuracy and efficiency finer mesh near the areas
with expected high deformation were applied and mesh boxes and auto trim techniques used.
In Figure 4.4he three mesh boxes were used. In BoxIrtbsh size was the largest, in Box2

the mesh size was smaller and in Box3 the mesh was the finest. At the die exit we expect the
largest deformation of the material.
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Box2 (size=2mm)

Box3 (size=1mm)

Elements under thime that is 5mm from the die exit will be deleted.

Figure 4.4Schematic for multi mesh boxes and atrim settings

The auto trim technique is used to avoid a too large number of elements being required in
the simulations. Thhorizontal line in figure 4.6 indicates any elements reaching this level

will be deleted to save time without affecting the accuracy of calculations.

4.3 Constitutive equation used

The theory of viscoplasticity effectively defines a material behaviobirshaexhibits strain

rate sensitivities such as in hot aluminium alloy extrusion. The Zener Holloman formulation

has been shown to describe the hot deformation of aluminium alloys. The equation (5.1)

initially proposed by Zener and Hollomé&tB44), later verified by Sellars et
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al. (1972 and sbsequently rearranged by Sheppard and W{®T9 is given below.

S

- O

(4.1)

2
1
Q |
cugegDE
S

Where the parametees, A,n are material dependent constants. In this study the value for
EN AW-6082 material are as followfa = 0.052°MN "}, A= 2.390°s *,n = 2.976)

Nes et al. (1994showed that equation (4.14) reduces to a power law afen0.8, but
approximates an exponential relationship wagn>1.2. Zis the temperature compensated

strain rate parameter also called the Zd#elfomon parameter and is defined as follows:

(4.2

In which T is the temperaturé is the universajas constar{8.31451 * mol* * K''), and

DH is the activation energy for hot deformation.

4.4 Data file and usersubroutine

Before starting a simulation, all the information needed for the simulation must be compiled
and input into Forge2009®. This can be completed by ukmgraphic user interface of the
pre-processor of the Forge2009® or modifying the formatted file (the data file) created by
the preprocessor with specific syntafusually for advanced usersyhe data file is
composed of a certain number of modules imtoch the variables are entered using key
words. These variables are naturally regrouped by themes into the same module. Depending
on which options of Forge2009® are used the data file for Forge2® can provide up to 17

different modules while the Forge3@&fers up to 13 modules. Each of the
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modules presents a category of variables to define. Details of the structure of the data file
can be found in the online documents of Forge2009® (Transvalor 2009a, 2009b). The main

modules used in the simulatiomsthis study are as follows:

A The Unit system module: This module allows the user to choose the unit system for
the computati on:MPanmme kigeywworwh sé mms ed, wh i
length unit is in mm, the stress and pressure in Mpa and the faniteermal
guantities are the derivatives of mm, kg and second.

A The Rheology and Interfaces module: this module defines the thrermomechanical
characteristics and the contact conditions of the workpiece and the tools.

A The Thermal Computation modul it activates a coupled thermomechanical
simulation; otherwise Forge2009® will only perform an isothermal simulation.

A The Tooling kinematics and setup module: it imposes general conditions linked to
the dies.

A The Numerical Sensor module: Numelicensors are used to follow the time
evolution of several variables which are calculated by the software, which is also a
powerful tool to investigate the material flow.

A The Remeshing module: If this block exists, the program will remesh the specific
deformable object at a given frequency.

4.5 The user subroutine and its integration with Forge2009® solver

A good FEM software must have a usegendly subroutine interface such that the software
becomes an open system and its users can take bestaavaf its flexibility and versatility

to integrate the knowledge that i s beyond t
turn, the feedback from theser can improve the software.

Using Forge2009EG6s user s ubigovn mateniad modd,he us
friction model and much more complicated models for structure evolutioimgdhe whole

forming process.

Forge2009® manages different types of computed variables, some are defined at the mesh
nodes (nodal variables) and some a#ned inside the volume elements at the volume
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integration points or inside the surface elements at the surface integration points. The nodal
variables number is fixed and limited to the simulation computation direct unknowns. For
the thermal computatio it is the TEMPERATURE and the temperature variation
DELTA_TEMP. For the mechanical computation it is the VELOCITY vector, the
PRESSURE and some auxiliary variables like the previous increment pressure
PREV_PRESS and the BIPLACEMENT (Transvalor 2009c).

The detailed procedure to use the Forge2009® subroutines can be found in the online

documents of the Forge2009® (Transv&l009c). Its basic steps are:

1. Creation of a new user law using a Fortran editor

1.1. Choose the type of law to use amahgexisting ones (LOIV EVOLLOIV MECA,

LOIV UTIL etc).

1.2. Start editing the Fortran file corresponding to the law type.

1.3. Choose the law name (string with 16 characters maximum), define the parameters,
DV and SV (with their respective dimensions)loé user law, in the order in which
they will be read in the data file.

14. Add the Fortran | ine: ¢ elseif (nom. EQ.
Fortran variable containing the name of the user law read in the data file and
MY_LAW is the user law name defined by the user.

1.5. Write the Fortran code computing the valoégs_var and gs_eta (and gs_etat_point
for the UTIL law type) as a function of gs_par and the other values transferred to the

routine by arguments.

2. Activation of the new user law in the data file: the user law MY_LAW is activated
in the datafile with the sulmodule (in the .RHEOLOGIE module):
3. Compiling the new user routines. After the compilation, the user will find in the

Forge2009® installatiod i r ect ori es named Abin/ User F2
created user dynamic link library;

4. Register the new solver using the new dynamic link library generated in step 3
through the Transvalor Solution Launcher;

5. Run a User solver: as soon as tlser solver is registered, it may be chosen for

computations by selecting its name in the Solver name field of the launch menu;
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6. Using the Forge2009® peptocessor to display the user created variables. The
calculation of the grain boundary area peit volume using tetrakaidecahedron grain
model was briefly described in Appendix B to demonstrate the procedure to use the
subroutine of the Forge2009®

4.6 Extrusion Simulations

The FEM simulations in this research can be grouped in three diffgperst
Thermo mechanical simulations
Structural simulations

Microstructure prediction.

4.6.1 Thermo mechanical simulations

These were used to predict temperature, strain, strain rate and heaelxperiments were
performed on a 5MN hydraulic horizohfaress at BOAL Finex B.V. in the Netherlands.

The extrusion ratio was approximately 26:1 for the rectangular section, 38:1 fosstiep®

section and 42:1 for the tube section. Process parameters were varied following a constant
set of parameters. Themaspeed was set at 6mm/s, 12mm/s and 22mm/s. The initial billet
temperatures were set at 480°C, 500°C and 520°C. The temperature of all dies was 450 °C.
The billet length was 250mm and the diameter was 90mm. The material used is an alloy
from the EN AW60& alloy range. The material was produced by Alsinta in Taiwan and
homogenised. The composition of the alloy meets the internal criteria for the alloy
specification BC68 used at the BOAL Group. This alloy is commonly used for the extrusion
of both hollow ad solid sections at the extrusion presses in the BOAL Group. Table 3.1
gives the alloy composition used in the experiments. The material received a homogenizing
heat treatment prior to extrusion at 580°C for 4 hours and was cooled by forced air to room
temperature. The homogenizing heat treatment is generally performed to create a suitable
structure for extrusion by f@istributing alloying elements, precipitates and inter metallic
phases. Experimental shapes are given in table 3.2. Niu (2010) used dricesndactor

of 0.4 on the ram/billet interface and 0.85 for the container/billet
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interface. Therefore this study will use an overall Tresca friction factor oT Besmesh of

the billet had an average size of 4 mm, this was refined to 2mm anthtaear the profile

exit area. The total number of elements is estimated at approximately 80,000. Simulation
time for one run is approximately 72 hours. The heat transfer coefficient between the billet
and tools (die, ram and container) is set as 20000Wrh The convective heat transfer
coefficient is 10WrtK1. The emissivity is chosen as 0.6%rge automatically renesh the
workpiece at a given frequency (or time step) or if the mesh has been degenerated. A mesh
is considered degenerated if eithemgoof the elements become too distorted, or if the
contact surface of the workpiece does not correspond accurately to the tool surfaces. The
element distortion is measured by the quality parameter, Q, in terms of the relative Jacobian
between the referenetement (with Q = 1) and the distorted element. The time required to
compute the numerical equations is highly dependent on the quality of the Guegiez
(1994)suggested that a good strategy with Forge is-toesh as often as possible. However

a goodquality mesh is costly in terms of computational time and power, especially for the
simulation of extrusion. Therefore, to perform an efficient analysis, a compromise must be
obtained between the degree of discretisation (i.e. use of mesh boxes), ubadyeof re

meshing, the computing power and time available.
4.6.2 Structural simulations

These simulations predicted the deformation of the die, the load on the die and the
temperature evolution during an extrusion run. These simulations contributee to
optimisation of the die designfhe dimension of the simulated dies is: diameter is 302mm
and the thickness is 155mm. The dimensions of the section used in the simulation are;
diameter 80mm and wall thickness 1,5mm. Figure 4.7 shows the geometeysohtiiated
profile. The initial billet temperature is 440 The billet diameter is 230mm and the billet
length is 60mm. Ram speed is 30mm/sec and the applied ram travel is ZGerol
material is a steel referenced as X38CrMoV51, (DIN 1.2343 or HI1i8)dssumed to be

isothermal at a constant temperature of 500°C. The behaviour of the steel is supposed to be
isotropic and elastoplastic. Properties of the steel at 50@reC density = 780Kg/ m°,
Young Modulus = 175000Pa, Poisson Coefficient = 0.3, Yielgstrength = 1050MPa.
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The process which is used to calculate the stresses in the bridge die can be described as
follows: The thermeanechanical analysis generates a series of data for each performed
iteration. One of these data sets comprises the pressarerddite surface of the work piece

(i.e. the billet and the extrudate). In order to look at the structural integrity of the die it is
necessary to extract the data file of pressure on the die when the pressure is at its highest
level. The data file is theapplied as input file of pressure on the 3D finite element model

of the die. The simulation process is followed by a static FEA run in order to calculate the
stresses and displacements in the bridge die using the pressure from the input file. The die is
supposed to be rigid. Ahaximum pressure the load file is used as static input in the FEM

on the deformable die. For these simulations the elergrds used are standards
tetrahedron for static analysis. The mesh has been refined where areas of stress

corcentrations were expected.

4.6.3 Microstructure prediction

Subroutine application in user input, written in Fortimmused on the thermo mechanical
simulations to predict macrostructural aspects such as: subgrain size, misorientation, volume
fraction recrystallised and dislocation density.

Appendix 3 displays one of the subroutines with the values for all the ngcpasameters.

4.7 Hollow die simulation
The parameters which were used in the simulations are the same for both bridge geometries.
Figure 4.5 show the cross section of the hollow section used in the simulations. Figure 4.6

show a cross section of the die cores used to simulate the extrustobefath a traditional

bridge shape and a torpedo shape bridge.
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Figure 4.5The tube section used for simulation of the variation in bridge design

" ;.f

extrusion

direction

Figure 4.6A cross section for a die core of a tube with a traditiehaped bridge (a) torpedo
shaped bridge (b)
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The die designs used in the simulations are in Appendix 3. The set up parameters used for
the simulations represents the practical conditions which are applicable if it had been an
industrial extrusion run. Theridge shape of the traditional bridge is wide at the position of

the entrance of the material during extrusion and narrow at the welding point in the die. The

shape of the torpedo shape bridge is narrow at the entrance and wider at the welding point.

extrusion

direction

Figure 4.7A three dimensional view of the die core of a traditional die bridge (a) and a
torpedo shape die bridge (b)
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Figure 4.8 shows the extrusion set up for the simulated die for tube extrusion. Figure 4.9
describes thearious parts of the extrusion set up such as container, billet, ram, die core and

die plate. Die plate deflection is assumed to be minimal in relation to the core deflection.

extrusion

direction

die core

I die plate

Figure 4.8The extrusion set up for the simulated die for tube extrusion

The container is purple and the billet is red. The die for hollow extrusion consists of two
parts. The core at which tivener part of the tube is formed is represented in green. The die
plate which is used to form the outer part of the tube section is represented in yellow. Figure
4.9 shows a three dimensional representation of all the components such as container, billet,
die core and die plate includingetrmesh used in the simulationghe purpose of the
simulations is to verify the effect of variations in the design of the bridge on the deflection
of the core and the effect of the bridge design on the total load ofthe d
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The die bridge is an important parameter in die design and can be used to control the average
pressure on the die and the deflection of the die. It is important to keep the deflection within
a predictable range. A die core which deflects paralldladearing of the die plate is likely

to produce sections with shape deviations. This applies to situations where opposing bearings

of the die plate and die bridges are no longer in parallel position compared to each other.

extrusion

direction

"i die plate die plate

Figure 4.9Three dimensional representations of the components such as container, billet,

die core and die plate includiniget mesh used in the simulations
Figure 4.10 shows the simulated deflection in the extrusion direction for the die with the

traditional bridge design. Figure 4.10 show high deflection in the top part of the graph. This
is the area which is called the baffle. During extrusion there Islstitveen the ram
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and the aluminium in the die. An angle is applied to prevent the ram from emptying the die
aftera cyclical stroke. This area show high deflections at the edge of the baffle but is not

expected to influence the total deflection of the core or the geometry of the section.

0.4
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0.24

extrusion

direction
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0.24
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Figure 4.10The simulated deflection (mm) ihe extrusion direction for the die core with

the traditional bridge design (b) and a torpedo shape bridge design (a)
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The deflection in the extrusion direction (Figure 4.10) is 0.24mm for the traditional bridge
shape and 0.16mm for the torpedo shape brifigis means that the die core will move in
the extrusion direction. The design of the die core is symmetrical with 4 bricigese 4.11
show the temperatumdistributionin the die core witlthe traditional bridge desiganda
torpedo shape bridgesign.
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Figure 4.11The temperature (°C) distributian the die core withthe traditional bridge
design (danda torpedashape bridge design)(b
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The load is applied in extrusion direction. The load will lead to deflection of the core and
will cause stresses in the die bridges during extrusion. The symmetry position of the 4
bridges will ensure that the core will move in thgtrusion direction. The predicted
deflection is a realistic value and corresponds with practical experience. The deflection of
the torpedo shaped bridge is significantly less than the deflection in the traditional bridge
shape.

The shape of the torpedhaped bridge design results in a stiffer construction resulting in
less deflectionhe highest temperature (501°C) occurs at the bridge surface where it is to
be expected due to high shear stresses. Temperatures are lower on most walls of the feeder
holes. The highest temperature occurs at the bridge surface (503°C) where itis to be expected
due to high shear stresses. The change in bridge design however does only marginally affect
local temperature distribution. Temperatures are lower on the wallse deéder holes
compared to the torpedo bridge design. This is likely to be caused by less friction since the
height of the bridge is considerable loweFigure 4.11 shows the temperature distribution

in the die core of the die with the traditional bridge design.
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Figure 4.12The load distribution (MN) for the simulation of the hollow tube with the die
containing a traditional bridge shape.
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Figure 4.12 shows the load distribution (ton) obtained in the present work. The figure
illustrates the load distribution of the simulation of the hollow tube with the die containing

a traditional bridge shape. A number of process steps can be distingafitretie load is

applied and the material is extrud€#A is the billet upsetting stage in which the material
began to fill the container. At stageB\the container is completely filled. In stagegCBone

can observe shear of the material over the pottse die. In stage © the material fills up

the separate ports of the die. At point D the discrete streams reach the bottom of the welding
chamber. In stage -B the load is increasing because the material is filling the welding
chamber at point E theitbular product begins to form and the load required reaches the
maximum. From point E the section is extruded. The drop in pressure to point F due to the
reduced container friction is not yet observed since the process has not fully reached steady
state Figure 4.12 shows that steady state may not have been reached since the pressure drop
is not visible.The total load is approximately 1800 ton. It is expected that the traditional
design of the bridge will result in more deflection than the revised bddggn. Higher

overall load is likely to result in a larger deflection of the core. The deflection in the extrusion
direction (Figure 4.10) is 0.16mm. This means that the die core will move in the extrusion
direction and that the maximum deflection is @b6. This is significantly less than the die

with the traditional bridge design. The shape of the torpedo shaped bridge design results in

a much stiffer construction resulting in less deflection.

Figure 4.11 shows the temperature distribution in the die. cthe highest temperature
occurs at the bridge surface (503°C) where it is to be expected due to high shear stresses.
The change in bridge design however does only marginally affect local temperature
distribution. On the location of the feeder hole treamal shows a direct flow and will have
reached the bottom of the welding chamber without the obstruction of the die bridge.
Temperatures are lower on the walls of the feeder holes compared to the torpedo bridge
design. This is likely to be caused bydegiction since the height of the bridge is

considerable lower.

The total load evolution of the torpedo bridge die is comparable to the load evolution of the
traditional bridge design. Simulation of both geometries has not fully reached steady state.
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The total load cannot be obtained from these simulations. A lower bridge results in a smaller
length over which friction will contribute to the load this will result in a lower maximum
load. The expected total lower load of the torpedo bridge shape istlikbe achieved by

the reduction of the bridge height which will result to less friction across the bridge. It is

expected that the revised torpedo shaped design of the bridge results in less deflection.

The maximum deflection using the torpedo shapageris 0.16 mm and deflection using

the traditional bridge design is 0.24 mm resulting in a 25% less deflection. A die design
which results in less deflection is to be preferred Less deflection of the die will contribute
to better control of the shape thie extruded section. It is expected that reduced deflection
leads to a reduction of scrap. The gross output may not alter but a reduction of scrap due to
less deflection will increase net outpbigure 4.13 shows a close up representation for the

extruced part of the hollow extrusion

extrusion

direction

die core

die core

Figure 4.13A close up representation for the extruded part of the hollow extrusion
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4.8 Solid Die Simulation

The sink in is an important feature to control the extrusion of solid sections. A sink in is
usually applied as a means of protection to prevent damage to the bearing edge. The most
widely applied sink in shape has a constant depth and a constant dfisetoritrolling
possibilities in applying a sink in like this are minimal. In practice, control of the metal flow

is performed by altering the bearing length with respect to local wall thicknesses and the
distance to the container wall. Li et @003 have indicated that the effect of increasing the
offset parallel to the section geetry is limited. A better effect could be achieved by varying

the offset whilst keeping the depth constant. In practice this results in limitations regarding
the available surface area. In this chapter we will investigate the effect of increasing the

volume of the sink in by increasing the depth. All other parameters are kept the same.

The initial billet temperature was 44D The billet diameter was 180mm and the billet length
was 45mm. Ram speed was 30mm/sec and the applied ram travel was 10mnfletkss re
the practical conditions which are applicable should it have been an industrial extrusion run.
Figure 4.14 shows theolid section for simulation of the variation in sink in depth

(dimensions in mm). Depth dimensions in mm.

Ex81.42

.
|
J

21143

f1 +0.4

Figure 414 Solid section for simulation of the variation in sink in depth (mm)
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container extrusion

Airartinn

ram

billet
die plate

container

Figure 4.15Tooling set up for a for a solid die extrusion simulation and a three dimensional
representation for the extrusion of the solid section
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Figure 4.16Velocity in extrusion direction (mm/sec) for the simulation of the solid die with
the 10mm (a) and the 5.5mm (b) deep sink in

With the purpose of verifying the effect of altering the sink in depth, simulations have been
performed andhe results are presented in this section In this chapter two variations of the
sink in depth are investigated. At first a die with a sink in with a depth of 10mm is

investigated followed by simulations of a die with a sink in of 5.5mm. Figure 4.16 shows
the velocity results in extrusion direction for the two sink in depth variations.
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The flow of material through a solid die is mainly controlled by means of adjusting the shape
and dimensions of the sink in. Flow characteristics are determined by thaiakaless, the
position and distance from the centre of the die and the shape and geometry of the sink in.
Figure 4.15 shows the tooling set up for a for a solid die extrusion simulation. The various
parts for extrusion are visible in this overview. Thetaorer with the billet can be seen in

blue and red. The die for solid extrusion consists of one part. The die plate which is used to

form the solid section is represented in green.
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Figure 4.7 Temperature distribution (°C) in the die with a 10mm (a) and a 5.5mm (b) deep

sink in
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Figure 4.18The load distribution (ton) for the simulation of the solid section with the 5.5mm

and the 10mm deep sink in design

Figure 4.17 shows temperature distribution (°C) in the die with a 10mm (a) and a 5.5mm (b)
deep sink in and Figure 4.18 shatle load digibution (ton) for the simulation of the
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solid section with the 5.5mm and the 10mm deep sink in deSignis the billet upsetting

stage in which the material began to fill the container. At sta@etlde container is being
completely filled. In stag8-C the material is filling the die and pressure starts to build up.

At point D peak load is reached. From poirHDCthe section is extruded where a drop in
pressure can be observEde maximum velocity depends on ram speed and extrusion ratio.
Comparingthe two sink in depths we can conclude that the speed differences within the
profile section differ depending on the sink in depth. In the design with the 20mm deep sink
in the maximum velocity variation within the section is varying from-880 mm/sec. fie

lowest speed can be found at the outer detail of the section and the higher speed can be seen
in the centre of the die on a very small localised area. In the design with the 5.5mm deep
sink in the maximum velocity variation within the section is varymgn 300582 mm/sec.

The lower sink in will allow for higher extrusion speeds and less variation over a larger part
of the section. The outer details close to the container wall are exhibiting larger differences
compared to the centere part of the sectidre increase of the volume of the sink in will

lead to smaller speed differences within the extruded section but also to a lower overal speed.
The maximum as well as the minimum speeds which occur in the section are both lower in
the die with the deepeaink in. The control possibilities with variations in the depth of the
sink in are limited. The deeper sink in shows less speed variation within the section but also
shows a higher maximum load. Given the higher maximum load a compromise is probably
requred. This could be in the form of lower sink in depth combined with local sink in off

set and local small variations in bearing length.

4.9 Conclusions

The material flow dring theextrusion of compleghapes were predicted by therge2009®
program.Hence the affect of didesign variations could be iestigated. It was observed
thatalteration in the cross section of a bridge during tube extrusion substantially influenced
the material flow in the weldingheamber which changed the optiti®n of theprocessing
parameters requiredhe extrusion of solid shapes were also affected by die design. Varying
the depth of the sink altered the velocity profile across the extrudate providing the die

designer with an extra tool to improve the performance odithe
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5 Results and analysis mechanical

5.1 Introduction

In the work presented we do not develop FE solutions. We devise and incorporate sub
routines into an experimental programme FORGE in order to solve complex geometries. We
will introduce originalsub routines, usually written in Visual Studio 2005 to achieve the

modelling goal. These routines contribute significantly to the original work in this thesis.

In contrast with analytical techniques, finite elements can be applied to complicated shapes.
The basic characteristic of the finite element method is the discretization of the domain of
interest, which may have complex geometry, into an assembly olved§asimple shaped

elements that are connected by nodes.

5.2 Simulation results

Previous work by Peng and Shepp&804), Duan and Sheppaf@001) has shown that
ForgeD09® is able to deal with a wide variety of problems concerned with the metal
forming process. Duan and Sheppg@03 has shown that a very successful prediction of

structural features is possible.

Extrusion simulationsdve been performed on the selected number of samples used in the
experiments and highlighted in table 3.2. The rectangular samples were used with an
extrusion temperature and extrusion speed variation. The Tube section andhhped

section were used thi constant extrusion temperature and a variation in extrusion speed.

The extrusion experiments were performed for the three geometries where extrusion
parameters were recorded. Differences between measured and simulated values are likely
caused by praal issues during the collection of data. There was a potential time difference
between the collection of data and the real event. Additionally, due to the deviating
emissivity factor of aluminium, contactless temperature reading of aluminium could be

inaccurate. Some of the inaccuracies could also have been generated by accumulations of
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errors at each FEM increment. The estimated accuracies obtainable from these experiments

are approximately plus and minus 5% for temperature and 7% for load measurements.

bilet exit simul ram simul
temp temp | temp | % | speed load load %
°C °C °C |difff mm/sec| MN MN diff
Rectangular | 1 475 498 21 280 300 7.1
2 478 499 536 |[7.4| 125 260 275 | 5.7
3 476 502 6.4 250 260 | 4.0
4 505 514 519 | 1 22 260 275 | 5.7
5 500 531 545 2.6 12.7 245 260 | 6.2
6 510 534 559 |4.6] 6.3 210 220 | 4.7
7 520 527 22 240 255 6.2
8 518 535 553 [4.1] 125 215 230 | 7.1
9 520 540 6.3 190 200 | 5.2
U-shape 10| 480 518 20 260 275 5.8
11| 495 524 543 |3.6 20 235 250 | 6.3
12| 510 535 10 225 240 | 6.6
Tube 13| 478 514 20 320 340 | 6.2
14| 500 524 556 [6.1 20 280 290 | 3.5
15| 520 532 20 265 280 | 5.6

Table 5.1Extrusion paameters during the experiments

The predicted temperature and load correlate relatively well with the value from the
experimental data. With regard to the temperature the high percentages of difference (7.4%
and 6.1%) are for lovand high temperature respectively. It is therefore difficult to find a
correlation between inaccuracy and initial billet temperature. With regard to extrusion load
again there is no apparent correlation between inaccuracy and initial billet temperature.

There is also no apparent correlation between inaccuracy and ram speed.
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5.3 Temperature distribution

The uncertainty in the temperature readings is in the order of magnitude of 25°C with an
unquantifiable uncertainty in strain rate, but we will proceetl waiution to predict histories

in microstructure evolutiorecognisinghat the accuracy may be limited.

Temperature is an important parameter in extrusion. It has a great influence on the micro
structure of the extruded product. Temperaturepgseaondtion for successful extrusion

as it influences the extrudability. Stress can influence strain negatively under tieadefl

of temperature increase.

In Figure 5.1the position at which the temperature is predicted is shown. The temperature
evolution over the extrimn cycle is given in Figure 5.Erom Figure 5.2t can be seen that
during steady state the extrudate temperature distribution remains reasonakdytconst
However it will continue to rise in a limited fashion if the friction and flow stress factors are

not in balance.

Initial temperature 510, Ram speed 6.3
Spot at which the
predicted temperature
evolution is represented

Figure 5.1Position atwhich the predicted temperature evolution is represented

In Figure 5.1predicted and simulated load distribution over a billet cycle is presented.
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Figure 5.2Temperature evolution over an extrusion cycle

The temperature evolution was performed in one experiment (550°C, 12mm/s), with the

purpose of validating the simulation results. The simulated temperature evolesiats

were collected from a position at the die exit and are shown in Figure 5.3. It indicates that at

this point, during one billet extrusion cycle, the temperature will increase from 537 to 567°C.

The experimental readings were collected with aaxdtgss pyrometer at a set position close

to the press exit, see Figure 3.2. The measured temperature evolution curve shows a
temperature increase from 53689°C. The distance between the die exit and the pyrometer
reading position is approximately 35crhcan be noted that the predicted values are higher
than the measured values. This could be caused by a temperature drop after the material

passes the die exit.
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(a) Rectangle (b) U-shape (c) Tube

Figure 5.3Temperature distributions of three different extruded shapes (Temperature T in
OC)

Because five predicted overall temperature distributionsectangular shape extrusion are
similar for geometrical reasons only the one with the same ram speed and initiahtaneper

is displayed in Figure 5.®ith the other two shapes. The lowest temperatures can be found
further to the baclkf the containerin Figure 5.4the temperature variations on the cross
sections are given for all geetnies used in the experimen®hen the material passes
through the die orifice the temperature increases significantly and it is very likely that the
micro structure v mainly be determined by the conditions at the moment when the material
passes through the die. The highest temperature is represented by tiwdoredhich
happens in places where high deformation is expected which can be stsarlin Figure

5.3 Figure 5.6 (a), (b), (c), (d), (e), (f) and (g) correspond to experiment numbers (2, 6, 5,
4, 8, 11 and 14) which can be found respectively in Figurel.éll the extrusions the

temperature of the cross sections, show a similar distribution pattern.
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This pattern indicates that the higher temperature appears at the outside of the section and
the lower temperature at the inside of the section. All the temperatures of the extruded

sections show an increasem the initial temperature.

At the positionof the corners of the sections it can be seen that due to higher deformation
the temperature increase is also higher. This is likely the result of the combination of friction

and deformation causdxy local stress concentrations.

It can also be seen whether parameters are the same that a lower extrusion speed compared
to higher extrusion speeds give a lower temperature increase in the extrumed $bcd is

shown in Figure 5.4b), (c), (d). If the extrusion speed is very high there will be a shorter
exposure time for the mechanical energy to be transformed into heat causingra highe

temperature of the extrudate.

The phenomenon we can see are that with constant initial temperature a variation in extrusion
speed will also have a significant effecttbe extrusion temperature. Higher speed means a
shorter time for the mechanical energy to be absorbed by means of deformation instead it
will be released in the form of heat and affects the temperature of the extitdatean be

seen in Figure 5.@), (c), (e).

In Figure 5.4c), (f), (9), it can be seen that with constant extrusion parameters the dominant
factor is the shape of the geometry. An increase in complexity, i.e. a hollow section, will

give a higher extrusion temperature, as is to be exghecte
The predcted temperatures in figure 5shhow areasonableorrelation with the measured

temperatures. The temperature simulation of the rectangular section shows a reliable

temperature distribution.
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322 (b) 480°C, 12mm/s 511 (c) 500°G 12mm/s ggg (d) 520°G 12 mm/s

6
511 (e)500°C 22mm/s

501 (f) 500°C 12 mm/s

(g) 500°G 12 mm/s
Figure 5.4Temperature distributions in the cross section of the extruded samples (a), (b),
(c), (d), (e), (f) and (gTemperature T iiC)
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The Ushaped section shows a temperature increase on the corners caused by shape change
which will increase friction and defimation. The tube section shows the highest temperature

on the inner wall caused by teaal flow across the mandrel.

5.3.1Strain

Strain is an important variable in micro structure prediction, in particular in grain boundary
migration. The strain is théon Mises equivalent Strain. The strain is useful in calculation

of surface area per unit volume of the grain which is required for structural calculations. The
predicted strains for the selected experiments are showmyimeFs.5 The strain mainly
affects the strain rate. The strain rate distribution is affected by the geometry condition

imposed.

7.85
7.08
6.30
5.53
4.75
3.98
3.20
2.43
1.66
0.88
0.11

(a) Rectangle (b) U-shape (c) Tube
Figure 5.5 Strain distributions for the three extruded shap&9a@®C and 12mm/és‘l)

The Ushape section and the tube section have a more complex shape which results in
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more inhomogeneous strain in the billet. The visualization of the predicted distribution of
temperature and strain over the extruded sections is realistic. It seengednagtry
influences the temperature increase the most. It can be concluded that the larger deformation
results in higher strain. Together with the effect of friction between the die land and the
billet, the deformation of the structure results in the teatpee increase. All graphs are

representedt a ram displacement of 35mm.

A large part of the billet has very low equivalent strain. When the material passes through
the die orifice the equivalent strain ieases significantlyThe highest equivalerstrain is
represented by the red color which happens in places where high deformation is expected

which @an be clearly seen in Figure 5.6

Figure (a), (b), (c), (d), (e), (f) and (g) correspond to experiment numbers 2, 6, 5, 4, 8, 11
and 14 which can bund respectively in Figure 5.61 all the extrusions the equivalent
strain of the cross sections, show a similar distribution pattern. This pattern indicates that the
higher equivalent strains appear on the outside of the section and the lower egstiraient

at the inside of the section. The difference is compared to the temperature distribution for
the five rectangular experiments, the temperature and initial ram velocity will not influence

the equivalent strain distribution.

At the position of theorners of the sections it can be seen that due to higher deformation
the equivalent strain increase is also higher. This is very likely thdt ref the effect of
geometry.It can also be seen from Figuse6 (a), (b), (c), (d), and (e) that within the
experiments ofthe rectangular section the equivalent strain patterns are quite similar. In
general the higher values of strain appear at areas where the extruded section shows

dimensional variation such as in corners and at the edge.
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Figure 5.6Equivalent strairdistributions in the cross section of the extruded samples (a),

(b), (c), (d), (&), (f) and (g)
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In the rectangular shapes it can be observed that high strainoapeasat the edge of the
geometry. The extrusion ratio influences
ratios are the same and as a result the equivalent strains are similar. The tube section has a
higher extrusion ratio resulting in higherastr. In this case there is also more surface area
which leads to higher strain. Strain rate and temperature will not influence strain. Strain is

mainly influenced by the extrusion ratio.

5.3.2Strain rate

During the steady state stage of the deformdtierdistribution of strain rate will not change
significantly. In figure 5.7an overall view of the strain rate in the extruded billet is given.
We need to look in the die area to distinguish distributions. @rlye die exit (see Figure

5.7) it can be sen that equivalent strain is increased slightly which is caused by the pocket
of the die. This is probably caused by the influence of the cut off mechanism.

The strain rate is a crucial parameter because it is critical in assessing the structure of the
extrudate. Only strain rate distributions on the cross sections will be presented. During the
steady state of the extrusion the strain rate is near zero for most of the billet in longitudinal
direction. Only where the material approaches the die entrytrifie sate values change
dramatically. Once the material enters the die land the strain rate will be reduced rapidly to
nearly zero again. Faill the extrusions, Figure 5show the strain rate on the cross section

is nearly zero except at the edge arotiredction.

Strain rate is completely ram speed and section shape dependemntcat be seen from

Figure 5.7(a), (b), (c), (d), and (e) where, for the same extrusion ratio, and even at different
temperatures the strain rate increases with the incoddbe ram speedihe strain rate is
influenced by extrusion ratio. When extrusion ratios are similar it is mainly determined by
the ram speed when other parameters are the same. It can be seen in the hollow section
extrusion that the strain rate is higheecause othe high extrusion ratio and a greater

proportion of the cross section is slender.
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Figure 5.7Strain ratedistributions in the cross section of the extruding samples (a), (b), (c),

(d), (e), (f) and (9)
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With higher speeds, in a shorter time the mechanical work done on the billet cannot be
accommodted by increased plastic deformation, thus producing higher temperatures. The
course shape of the strain rate contour is a numerical artifact and will set a limit to the
accuracy of the predicted microstructure distribution due to the sensitiviityw stress to

strain rate.

5.3.3Load analysis

The pressure can vary depending on the alloy and its condition, the extrusion ratio, diameter
and length of the billet, initial temperature of the billet and tooling, ram speed and the shape

of the extrudate(See Figure 5.8)l'ypical load versus ram travel curves for solid extrusion

were acquired for all the rectangular extrusion simulations. Approximatedp@0of the
mechanical energy is transformed into heat. For the solid section in the experimerad the lo
versus ram travel curve show the following separate stages; the curve for the rectangular
shape T = 475C and speed is 21 mm/s is used as an example. Four stages can be seen in the
extrusion from the curve.-@ is the billet upsetting stage in which timaterial began to fill

the container. At stage-B the container is being completely filled. In stag€ Ehe material

is filling the die and pressure starts to build up. At point C peak load is reached.
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Figure 5.8The various stages in the extrusion of a solid section
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From point CD the section is extruded where a drop in pressure can be observed due to the
reduced container friction until thequmess reaches the steady sthte/as recognised that

the datacollection method led to some inaccuracy in the data but the data quality is sufficient
to demonstrate some correlation witreghicted values (see Figure b.@ne experiment
(500C, 12mm/s) was used to show load evolution over an extrusion cycle andpgream

with predicted load evolution.

The simulated load evolution results were collected from a position at the die exit and are
shown in Figure 5.12. It indicates that at this point, during one billet extrusion cycle, the load
will increase to a pealo&d of 260 ton. After which it decreases to a level of 230 ton. The
experimental readings pressure was collected with a pressure transducer in the main cylinder
of the press, see Figure 3.2. The pressure readings are converted into load values. The
measurd load evolution curve is showing a load decrease frorr228gon. It can be noted

that the predicted values are higher than the measured values. From the pictures showing
both the émperature evolution (Figure %.2ndthe load evolution (Figure 5.%isplay a
consistent trend. This could be caused by inaccuracies during the colledherreddings.

It is expected that higher predicted temperatures will result in lower predicted loads.
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Figure 5.9Pressure evolution during an extrusioeley
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Although there are some discrepancies, predicted values show a reasonable correlation to
measured values and it is safe to say that these results are reliable and canibe used

microstructure simulations.

For the hollow section in the experimerntse load versus ram travel curve show the
following separate stages; the curve for the rectangular shape T = 500C and speed is 12 mm/s
is used as an example. Five stages can be seen in the extrusion from the urse¢h®©

billet upsetting stage in whicthe material began to fill the container. At stag® Ahe
container is completely filled. In stage@®@one can observe shear of the material over the
ports in the die. In stage-O the material fills up the separate ports of the die. At point D

the discete streams reach the bottom of the welding chamber. In stdgehB load is
increasing because the material is filling the welding chamber at point E the tubular product
begins to form and the load required reaches the maximum. From pBitiieEsectio is
extruded where a drop in pressure can be observed due to the reduced container friction until

the extrusion process reaches the steady §8de.Figure 5.10).
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Figure 5.10The various stages in the extrusion dfodlow section
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The predicted load variations for different section extrusions are displayed in figures below.
An increase of the extrusion speed results in higher peak load. This phenomenon applies to

all the extruded shapes with similar initial temperasgu
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Figure 5.11L oad versus ram travel for the rectangular shape at low temperature with varying
speeds

It can also be seen from tal®ld 1when extrusion speeds are equal that there is an increasing
effect on the peak load when the ialtbillet tenperature is lower.
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Figure 5.12 oad versus ram travel for the rectangular shape at low temperature with varying

speeds
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Figure 5.13 Load versus ram travel for the rectangular shape at high temperature with

varyingspeed
set set
speed | Temperature| Load(MN)

480 260
6 500 220
520 200
480 275
12 500 260
520 230
480 310
25 500 275
520 255

Table 5.2Predicted pealoads for the rectangular shape
The predicted load variations for-s¢hape section extrusions are displayed in the figure

below. It can also be seen that when extrusion speeds are equal there is an increasing effect
on the peak load when the initial billet temperature is lower.
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Figure 514 Load versus ram travel for the-s¢hape at varying temperatures with constant

speed

The pedicted load variations for hollow section extrusions are displayed in the figure below.
It can also be seen that when extrusion speeds are equal that there is an increasing effect on

the peak load when the initial billet temperature is lower.
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Figure 5.5 Load versus ram travel for the hollow shape at varying temperatures with

constant speed
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5.3.4 Material flow simulations

In order to study the metal flow, the grid method was used in simulations. The initial grid

was the same for all the three differeattionsand can be found in figure 5.16

ifi—
=

(a) Rectangular

I_—“
=

(b) U-shape

(d) Tube

(d) initial grid

Figure 5.16Numerical initial grids for the three extruded sections
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In Figure 5.17%he grid deformation is shown for the three extruded sectidms simulated
metal flow for the three geometries is given for the mumhere peak load was reached.

T :

Al
1

te—t e

(I

Figure 5.17The numerical grid deformation for the extruded sections

The billet length used in the experiments is quite long, 250mm, comyéteis diameter

of 90mm. During the extrusion most of the billet does not show much deformation. Only
when the material reached the die orifice or the bridge of the tube die severe deformation
took place. For the rectangular section we can observe aetyimaeformation of the grid.

For the Ushape section we see an asymmetric deformation of the grid. For the Tube section
you can observe the flow around the bridge beforenthierial reaches the die exit.

The simulation of the metal flow of the three gesries show a flow pattern which is
characteristic for these shapes and is what can be expected for these gedméties.

5.17a number of flow characteristics can be observed. In the first place the areas with direct
flow towards the die exit carelrecognized as the centre flow. At the edge of the billet the
dead metal areas can be identified in the corners. In between the central direct flow and the
dead metal zones, areas with high shear can be observed as areas with strongly deformed
structure vhich is visible as a concentration of extrusion lines close to each Bhigemetal

flow of the rectangular shape (Figure 5.irvdirect extrusion can be characterized by a rapid

flow of the centre material toward the die whereas the peripheral
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parts d the billet are restrained by friction along the container wall and the areas around the
sink in. There is symmetry to be observed which lead to even metal flow and will not
contribute greatly to shape deviations in the section. Metal flow deviatioriyusaalto be
compensated through die desidie metal flow of the kshaped section shows a quite
similar flow pattern compared to the rectangular metal flow with the exception of the smaller
wall thickness and the effect of asymmetry in the geometryeo$eistion. The smaller wall
thickness leads to higher concentration of areas with compact flow lines and high shear
stress. These asymmetrical features will have to be compensated by die design. The similar
flow is, however, not typical it stems from theconing of the diagram. The metal flow in

the tube section is strongly influenced by the separation of the flow over the three die bridges.
Within the separated metal streams over the die ports similar phenomena as with the
rectangular and-shaped seain can be observed. The separation of metal flow will lead to
further dead metal zone areas in the die area. Further there will also be more friction because
of the larger surface area which is in contact with the metal. This will result in a higher
required pressure. Observing symmetry can help in understanding the complex metal flow
in hollow die extrusion across a bridge and can help to minimise the number of elements
required for the simulations. The greatest advantage regarding minimising elemdgs can
obtained when one sixth of the geetny is applied (see Figure 5)1One sixth of the
geometry avoidself-contactof elements in the simulations and will result in half of the

feeder hole and half of the bridge being included irstirailation (see gure 3.2D).

5.3.5Surface cracking experiments

When the material passes through the die orifice the temperature increases significantly and
the surface quality will mainly be determined by the conditions at the moment when the
material passes through the die. The highest temperature will occur odgdeofethe
material and more important on the corners of the section. In all the experiments the

temperature of the cross sections reveals a similar distribution pattern.
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(a)500°C, 6mm/s

(b) 480°C, 12mm/s (c) 500°C 12mm/s (d)520°C 12 mm/s

(e)500°G 22 mm/s

(g) 500°C 12 mm/s

Figure 5.18Surface quality and cracks at the beginning of the extrusion run
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In Table 3.2 an overview is given for all the extruded shapes which were used in
experiments. In Figure 5.18e surface quality is represented at the start of the extrusion
run. It can be observed that the surface of the extrudedrseialmost free of cracking.

This pattern indicates that the higher temperature appears at the outside of the section and
the lower temperature at the inside of the section. All the temperatures of the extruded
sections show an increase from the initial temperature. At the position of the corners of the
sections it can be seen that due to higher deformation the temperateasénis also higher.

This is likely the result of the combination of friction and deformation as a resuitiércal

stress concentrations.

It can also be seen when other parameters are the same that a lower extrusion speed compared
to higher extrusiospeeds give a cracking increase in the extruded section. This can be seen
in Figure 5.1%), (c), (d).

If the extrusion speed is very high there will be a shorter time for the mechanical energy to
be transformed into heat which will cause a higher teatper of the extrudate. Speed
however is alimiting parameter in extrusionVirtually all work hardening energy is

transformed into heat.
The phenomenon we can see is that with constant initial temperature a variation in extrusion
speed will also have agmificant effect on the occurrence of crackiftis can be seen in

Figure 5.19a), (c) ande).

The cracking phenomenon which can be observed is that cracking will commence at some

distance along the extrusion run.

In Figure 5.20t can be seen th#te specific distance along the extrusion run is dependent

on the actual extrusion speed and extrusion temperature.
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(a)500°C, 6mm/s

e

(b) 480°C, 12nm/s

(d) 520°G 12 mm/s

(f) 500°C 12 mm/s

(g) 500°G 12mm/s

Figure 5.19Surface quality and cracks at the end of the extrusion run
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(b) 500C, 12nm/s

(a)500°C,12mm/s (c) 500°C 12mm/s

(f) 500°G 12 mm/s (€)500°G 22 mm/s

Figure 5.20Surface quality at the beginning and the end of an extrusion run for all three
geometries

164



All the samples in Figure 5.1%e taken at 1 meter from the start of the extrusiirthe
samples in Figure 5.2fre taken at a position at from the end of ta extrusion.lt is clear
that only two conditions provide a good surface iquab00°C at 6mm/s (Figure 5.apand
480°C at 12m/s (Figure 5.BR In figure 5.20(c) cracking starts to appear due to the

combination of increased temperatarel increasedxérusion speed.

In Figure 5.20(d) and (e) the cracking is increasing to a level that would not be acceptable
as a grface quality for extrusionsThe U-shape geometry is showing severe cragkit the
corners of the legsThe tube section showedacking to such a degree during extrusion that
the geometry disintegrated over the welding linethe three bridges in the die.

5.3.6Surface cracking simulations

A suitable cracking criterion needs to be able to predict the cracking phenomenon which
occurs dung the extrusion experiments.

Peng and Sheppard (2004) have identified four cracking phenomena:

Phenomenon 1, occurs on the extrudate surface and is not seen at other locations
Phenomenon 2, the extrusion suffers serious surface cracking dxtiangion at high initial
temperatures and is not so detrimental atlow initial temperatures.

Phenomenon 3, in some cases, surface cracking occurs during the middle period of the
process and becomes more serious as the process continues.

Phenomenon 4, theeverity of the cracking is less in the direct extrusion modeithtre

indirect extrusion mode.

The most predominant factors governing the occurrence of surface cracking seem to be speed
and temperature. Temperature distribution over the cross segftitdme profile is not
constant. In Figure 5.6¢c it can be seen clearly that the highest temperatures occur at the
section surface and in particular at the corners of tttangular shape. From Figure %2
can be seen that the temperature continues tedse over the extrusion cyckeng and
Sheppard (2004) have indicated that the temperature at the centre of the extrudate rise faster
than the temperature at the surface of the extrudate and that towards the end of the cycle

temperature differences amaall. Temperature distribution is showing a sharp gradient near
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the surface area. This is of importance since it is the temperature which is critical for surface
failure such as cracking. If surface cracking were to occur it would appear immediately on
the surface of the extrudate after it leaves the die. Therefore it is evident that the die land
area influences cracking phenomen®he cracking criterion which according to Peng and
Sheppard shows reliable results in predicting cracking for all crackingoptena is the
empirical one. In the experiments the cracking phenomon which occurred could be described
as; surface cracking which commences at some distance along the extrudate depending on

the extrusion parameters.

Clif et al. (1996, Ko et al. (1996 and Domanti et al(2002 have indicated that the
Cockcroft and Latham criterion is the best amongst the various existing criteria for the

prediction of frature initiation for extrusion.

i, de. C3 (5.1)

In which C3 is the critical value,s”™ is the maximum principal stress argl,is the

equivalent stressg® the effective strain at fracture. This criterion considleescombinative

effect of maximum principal stress normalized by the equivalent stress and the equivalent
strain during deformation. It is assumed that wlidreaches a certain value, crack will be
initiated. Peng and Sheam (2004) have indicated that the predicted value of the cracking
criteria decreases from the edge to thetreenf the material. Figure 5.2¢hows the
simulation results of a simulated crack together with the simulated value of the cracking
parameter (58C, 22mm/sec). The simulated section represents half of the rectangular

section (11mm).
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Figure 5.21The simulation results are presented together with the simulated value of the
cracking parameter (550°C, 22mm/sec)
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Maximum values focracking criteria are first reached near the surface and corner areas of
the extrudate. If a cracking criterion can be determined this would first be reached on the
surface and corner area. This is gneement with the experiments.

Cockroft and Lathan 986 considered the edtts of the maximum principal stress over the
plastic strain path to fracture. Peng and Sheppard (2004) have indicated that principal stress
occurring in extrusion of hot aluminium differs depending on the extrusion ratio. At the same
time maximum stressnothe extrudate surface is higher during low temperature extrusion
compared to high temperature extrusion. This indicates that prediction of surface cracking

would be possible by assuming Caaft and Latham criterion €C2.

Simulations have been performaul one rectangular shape using the Cockcroft and Latham
criterion. The predicted values of Cockcroft and Latham criterion are in good agreement to
the predicted values which were found in Peng and Shepddd), see figure 5.22The

value of the simulated cracking parameter at a distance of 12 mm from the centre is 0.18.
The values of the cracking parameter according to Peng and Shef@084 is

approximately the same.
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Figure 5.22Predicted values oCockcroft and Latham criterion-C2 (Peng and Sheppard
2009

Values at a distance from the centre of approximately 5mm vany @.147 0.17. See

Figures 5.22 and 5.23he simulated results for this rectangui@ometry show values
between 0.16 0.18.
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(c) 500°G 22 mm/s

Figure 5.23The visible cracking on the rectangular section cormers, together with the

temperature simulation and a simulated crack.

Figure 5.26 show the experimental sample with cracks in (a), the simulated temperature in
(b) and a simulated crack on (c). The ed&d section in figure 5.26 (c) is 10 x 22 mm. The
extruded length is approximately 20 m@rack simulations are performed using element
removalThe simulated crack does not represent an exact cracking situation. Due to FEM
software limitation there is affierence between the real sample and the simulated crack.
The crack frequency is different from the exteriment due to the early breaking in the brittle

phase at the end of an extrusion.
Surface cracking is closely related to the temperature rise during extrusion. If the heat

generation near the die land area increases the total temperature in excess of the solidus
point, localised melting can occur which can cause severe cracking afirfheesThis
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coincides with previous studie§Sheppard 1999b (Paterson 198, (Vierod 1983,
(Sheppard, Tunnicliffe and Paterson 1982).

54 Conclusions

The load predicted by the simulation of the profiles used in the experiments was within 7 %
of experimental results. The influence of the variation of extrusion parameters| as wel
section geometry on temperature and load was in reasonable agreement for the geometries
investigated. The prediction of the extrusion temperatures was close to those predicted and
within 3% of simulated values. Section geometry and extrusion ratiended the extrusion

temperature and load.

Material flow throughout the ram stroke was well predicted using Forge2009®. Differences
in metal flow for the various shapes could all be satisfactory modelled using the program.
The complex material flow acreghe bridge of a hollow die was modelled taking into

account the inaccuracies due to temperature effects.

The cracking simulations were performed with the implicit finite element code Forge2009®
with user input written in Visual Fortran®urface cracking experiments show that the speed
and temperature had a significant influence on cracking phenomena during extrusion. Using
these values and the induced stress state allowed preliminary prediction of surface
deterioraton. Increased sectiononmplexity was obseved to enhance the occurrence of
cracking.
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6 Results and analysis structural

6.1 Deformation during extrusion

During the extrusion of aluminium, energy much of which is in the form of dislocations, is
stored within the material. In materials such as aluminium, in which the incidence of stacking
faults is high the rate of cross slip and climb of dislocations iaresdd. Movement of
dislocation is thus enhanced and fairly stable subgrains are established. This strengthens the
material in the asvorked condition. It is the basic relation between the-stulctural
parameters and the deformation variables which esataintrol of the industrial process. It

is therefore necessary to recognise the factors which may induce resrystallisation and static
(as opposed to dynamic) recovery. Taking these factors into account and enabling the
measurement and prediction of sgain size, subgrain misorientation, and the volume
fraction recrystallized allows the basic structure and properties to be presented in
mathematical form. Dynamic recovery is the process by which a decrease or increase of
dislocation density occurs by matioand annihilation of individual dislocations.
Recrystallisation can only occur after deformation but should be prevented by a sufficient
rate of cooling. Further deformation (for example in a stretching operation) would lead to
movements of the dislocatis and aid recrystallisation by forming high angle boundaries.
Dynamic recovery certainly occurs during deformation and hence the microscopic structure
is more complex than it would be suggested by microscopic evaluations. The structure of
the extruded s#ion must be further investigated using EBSD techniques. The actual grain
morphology at the various geometries used in the experiments must be analysed using EBSD
techniques. The deformation of the original grain structure during extrusion will lead to a
recrystallised structure after extrusion if not quenched sufficiently. The grain structure after
extrusion can be made visible using light optical techniques. However for the detection of
low angle grain boundaries and the accompanied formation of sulygteenapplication of

EBSD techniques is very suitable.

The structure of extrudates which had been quenched exhibited elongated grains. The
structures of extrudates after extrusion at elevated temperatures and inadequate cooling were
unstable and statiecrystallision was observed resulting in the loss of substructure. This

was most obvious at the extrudate surface where the increased degree of deformation and
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temperature variations provided the driving force for nucleation by coalescence and by
migrationof high angle boundaries. The substructure of extrudates at room temperature after
rapid cooling from extrusion temperature, generally exhibited a dynamically recovered
structure in which the original grains were elongated in the extrusion directiorsaaltlyu
contained smaller subgrains in the center. Subgrain size increased with extrusion
temperature and the internal dislocation density reduces with increasing extrusion
temperature. The surface of the extrudate was subjected to higher degrees oftideforma

which led to a recrystallised surface at@kde(1992.

6.2 Subgrain size and misorientation

The structure of the extrudate is dependent orthbememechanical cycle but the most

important topographical features of the substructure are the subgrain size and misorientation
which determines the metal s response to at
and deformation. This might occur processing such as a stretching operation and quite

radical changes if subjected to solution soaking. In the remainder of this chapter the
microstructural changes observed by using optical microscopy and electron microscopy will

be reported and discussethe subgrain size and misorientation was investigated using

EBSD and predicted using the deformation model written into the commercial computer
program Forge2009®.

6.2.1 Optical micrograph investigation

Grain structure of extruded alloys can have apaat on the performance of the final
product. We might expect to see variations in damage tolerance, fatigue crack propagation,
corrosion, and a number of other properties. The extrusion process may produce
unrecrystallised fibrous grains, fully recryiged grains, or a mixture of both. The desirable
structure is one exhibiting zero recrystallisation. Optical micrographs were used to
investigate grain size and distribution as well as orientation development. The micrographs
of the rectangular sectiomgere used to investigate the effect of the extrusion temperature
and extrusion speed whilst theddaped section and the tube section were
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used to investigate the effect of geometry on the grain size and distribution.

6.2.1.1 Effect of extrusion tempeaiture

Figure 6.1 show that microscopic investigation of structure reveals-amfamm partially
recrystallized structure.

480°C, 12 mm/sec

5 mm

3 mimn

500°C, 12 mm/sec

3 mm

520°C, 12 mm/sec

3 min

Figure 6.1Micrographof rectangular sections, at 480 °C, 500°C and 520 °C at12mm/s

The simulation results for the rectangular sections are shown in Figure 6.29. The reader

should recall that in chapter 5 (Figure 5.8) it was shown that higher levels of strain were
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observed at theurface of the section whilst lower levels of strain were associated with the

center of the rectangular section.

The optical micrographs of the three rectangular sections are similar but some variation can
be observed with the changes in thickness ofréueystallised area in the section. All
micrographs show the recrystallized region to be associated with the section surface. The
grains predominantly have a shape which is not equiaxed indicating thaniiorm nature

of the deformation.

The grains athe interface between the recrystallised and the unrecrystallised area are larger.
As a general trend Figure 6.1 show an increase of the grainsize with increasing extrusion
temperature. The temperature effect can be best observed revealing the largen gihain
micrograph with the highest extrusion temperature. This can be seen very clearly in Figure
6.1 which shovthe micrograph for 520 °C, 12 mm/sec.

All micrographs in Figure 6.1 show to a certain degree the effect of a band with substantially
smallergrains at the surface of the section. This effect is probably caused byhisatirey
effect of the cooled sections. All extruded sections are cooled with air. When the section has
passed the cooling stage the remaining heat in the center of the selitimheat the

outside of the section.

Figure 6.1 Micrograph, 520 °C, 12 mm/sec, show a deviating pattern most likely caused by

ineffective cooling.

Figure 6.2 show enlarged micrographs of a detail of the rectangular sections. The
investigated area iglentified by a white rectangular in the micrographs of figure 6.1. The
rectangular area show a detail of the micrograph (5x9mm) and allows for further

investigation.
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480°C, 12 mm/sec

500°C, 12 mm/sec

520°C, 12 mm/sec

Figure 6.2 Detailed micrographs of rectangular sections, at 480 °C, 500°C and 520 °C
atl2mm/s

The details of the micrographs in Figure 6.2 clearly show the increasedsgmaiwith
increasing extrusion temperature. This can be seen particularly well at 520 °C 12 mm/sec.
This micrograph show grains predominantly deformed in the Ilateral direction.
Measurements of the recrystallised area show an increase of the thicknestagéthwith
increased extrusion temperature. The thickness of the recrystallized area increases 2.5 to
2.7mm on the width of the rectangular section and from 2.7 to 3 mm on the height of the
rectangular section. This supports the theory that the detitk cécrystallised surface layer

is increase with increased extrusion temperature.
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6.2.1.2 Effect of ram speed

500°C 6 mm/s

5 mm

500°C 12 mm/s

5 mm

500°C 22 mm/s

Figure 6.3 show the micrographs of the rectangular sections with increased extrusion speed.

Figure 6.3Micrograph of a rectangular section, at 500°C at 6 mm/s, 12 mm/s and 22 mm/s
The effect of extrusion speed increase will leadftother temperaturgse. High speed and

high temperature both result in a more recrystallized structure but tempedsatire
predominant factor. The findings from increased extrusion temperature are to a large extent

similar to those of an increased ram speed.
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The large recrystallised grains are predominantly visible at the high ram speed. All the
recrystallised grains show a greater deformation in the lateral direction and an area of
substantially smaller grains at the surface of the extrudate. Figure 6.4 show detailed

micrographs of the rectangular sections with increased ram speed.

500°C 6 mm/s

500°C 12 mm/s

500°C 22 mm/s

Figure 6.4Detailedmicrographs ofectangular sections at 500°C and 6 mm/s, 12 mm/s and

22 mm/s

Figure 6.4 show enlarged micrographs of rectangular sections. The investigated area is
marked as a white rectangular in the micrographs of figure 6.3 and show a detailed area of
the micrograph(5x9mm) and allows for more detailed investigation. The detailed

micrographs in Figure 6.4 support the observations from Figure 6.3. The increased grain size

and depth of the recrystallised area is clearly shown in the detailed micrograph of
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Figure 6.4at 500 °C, 22 mm/s. The thickness of the recrystallized area increases 2.5 to 3mm
on the width of the rectangular section and from 2.5 to 3.5 mm on théatheh the

rectangular section.
6.2.1.3 Effect of section geometry
Section features such as detaifsdl small wall thickness can have an effect on the profile

complexity. A more complex geometry is generally expected to result in a higher extrusion

temperature which will affect the recrystallised grain structure

500°C, 12 mm/

500°C, 12 mm/

Figure 6.5Micrograph of the Wshaped and tube section, at 500°C and 12 mm/s
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