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ABSTRACT

A COMBINED EXPERIMENTAL AND NUMERICAL INVESTIGATION ON
ALUMINIUM EXTRUSION

Kalkan, Hakan
M.S., Manufacturing Engineering Department
Supervisor: Asst. Prof. Dr. izzet OZDEMIR
Co-Supervisor:Asst. Prof.Dr.Besim BARANOGLU

April 2011, 58 pages

This study focuses on an industrial size aluminum extrusion process and consists of
both experimental and computational parts. On the basis of process parameters and
die geometry supplied by ASAS Aluminum Company, full scale computational
models of the process have been constructed by using different commercial Finite
Element and Finite Volume software packages. The necessary material
characterization has been done by compression tests for which a new uni-axial
compression test set-up suitable for high temperatures has been designed and
manufactured. The measured load-displacement diagrams and exit temperatures are
compared with the computational results. In addition to that, Finite Element and
Finite Volume results are also compared. These results indicate that reasonable good
agreement between the measured data and computational results can be achieved
provided that the Finite Element Method is used and proper material characterization

is conducted.

Keywords: Aluminum Extrusion, Finite Element Method, Finite Volume Method,

Uni-axial Compression Test.
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ALUMINYUM EKSTRUZYONU UZERINE SAYISAL VE DENEYSEL BiR
INCELEME

Kalkan, Hakan
Yiiksek Lisans, Imalat Miihendisligi Béliimii
Tez Yéneticisi:Yrd. Dog. Dr. Izzet OZDEMIR
Ortak Tez Yoéneticisi: Yrd. Dog. Dr. Besim BARANOGLU
Nisan 2011, 58 sayfa

Bu caligmada endiistriyel boyutta aliiminyum ekstriizyon islemi niimerik ve deneysel
olarak incelenmistir. Proses parametreleri ve kalip geometrisi ASAS Aliiminyum
tarafindan saglanmis ve model Sonlu Elemanlar ve Sonlu Hacimler yontemlerine
dayali farkli yazilim paketlerinde hazirlanmistir. Gerekli malzeme karakterizasyonu
tek eksenli basma deneyiyle elde edilmis ve bu test i¢in yiiksek sicakliklarda da
kullanilabilen bir test diizenegi gelistirilip imal edilmistir. Olgiilen kuvvet-yer
degistirme ve ¢ikis sicakligi ile ilgili grafikler niimerik sonuglarla karsilastiriimistir.
[laveten Sonlu Elemanlar ve Sonlu Hacimler yontemleri de kendi iclerinde
karsilagtirilmiglardir.  Bu  sonuglar  gdstermistir ki, dogru = malzeme
karakterizasyonuyla Sonlu Elemanlar yontemi ile elde edilen sonuglar gercek

islemde Olciilen degerlere yakin ¢ikmaktadir.

Anahtar Kelimeler: Aliiminyum Ekstriizyon, Sonlu Elemanlar Yontemi, Sonlu
Hacimler Yontemi, Tek Eksenli Basma Testi.
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CHAPTER1

INTRODUCTION

Extrusion is the process in which the cross sectional area of block metal is reduced by
forcing it to flow through a die with a certain shape under high pressure [1]. A round billet is
placed into a container and a ram pushes the material through the die in order to produce the
final product with a constant cross section, from materials such as aluminum, copper, stainless
steel and various types of plastics, see Figure 1.1. Aluminum and copper are most often used
raw materials in extrusion processes. Quite complicated shapes are obtained with aluminum
or aluminum alloys which exhibit a high ductility and thus allow extremely large deformation
without defects. Also the ideal ratio of Young’s modulus to mass density in aluminum makes
it ideal for a wide range of application.

For certain applications, extrusion has no rival and it dominates as the major industrial
process. The operation is generally hot working, to reduce the flow stress of material but in
some cases it can be operated under cold working conditions as well. In modern extrusion
processes cylindrical cast billets are loaded into the container. A cast billet from aluminum is
converted into a continuous length cross section by forcing it through a die, which is designed
to produce the required form of product. The aim of this process is to obtain a profile with
cross-sectional shape that meets the specifications defined by customer. To produce a profile
which meets the required specifications, exit velocity of the die should be balanced. If the
velocity component in extrusion direction is constant and other orthogonal components are
zero, exit velocity can be balanced. Due to these requirements, geometry of the die has the
most significant influence on balancing the exit flow and shape of the profile.

In order to lower the flow stress of the raw material, generally extrusion processes are
carried out under high temperatures. Lower flow stress of the material permits larger sectional
reduction; lowering the power requirements and processing times.

Mostly a billet preheated at a uniform temperature is extruded at a constant ram speed
throughout a cycle. Furthermore, preheating is also used to prevent surface defects. There are
five main phases of an extrusion cycle. The first phase is loading the billet into the container
and installing dummy blocks into the press. On the second phase, the billet is extruded as the
ram motion proceeds. Then press is decompressed, the container is opened to expose the

discard and the dummy blocks are relieved, this step is the third phase. Fourth phase is



shearing the discard. Finally container and ram are returned to the loading position and this

step is the last phase of extrusion cycle as phase five.
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Figure 1.1  Horizontal extrusion press used for experimental verifications

In extrusion process most of the mechanical energy is converted into heat. Small
proportion of the mechanical energy retained with the work piece. This retained energy is
spent in creating crystal defects such as dislocations and grain boundaries and other micro
structural changes throughout the forming process. The temperature of the workpiece,
container and the die rises continuously during the process. Furthermore when the billet is
pushed through the die, due to relative motion of the die-workpiece interface, the frictional
interaction between two bodies leads to frictional heating and local temperature rises in the
die and the workpiece.

Maximum temperature rise should be predicted to optimize the process because the
maximum temperature of the process determines the productivity of extrusion operation and
the quality of the extruded product in terms of microstructure, mechanical properties and

dimensional tolerances.



Operating the process at a constant exit temperature and constant die pressure
throughout the whole cycle defined as an isothermal extrusion process. If the process runs in
the isothermal mode, temperature rise can be prevented, which is highly desired, in order to
have higher quality products. Furthermore, isothermal conditions are highly effective in

minimizing the surface defects and problems of dimensional tolerances.
1.1 Direct and Indirect Extrusion

There are two main methods of aluminum extrusion:

Direct extrusion: The process of direct extrusion is shown in Fig. 1.2 schematically.
A preheated billet is placed in the container. Container is the heated part of the press. Billet is
pushed through the die by ram pressure. Metal flows in the same direction with the ram.
Aluminum billet cannot be extruded completely, a percentage of compressed billet called as

discard is left at the end of the extrusion cycle.

Die

| / Container
2\

— —0 -~ Ram

Billet

Figure 1.2 Direct Extrusion



Indirect extrusion: As shown in Fig. 1.3, in indirect extrusion process, die is located
at the front end of the die. The die is pushed through the container or the container pushed
over the die. There is no relative displacement between the billet and the container, so there is
no friction between container and billet during the process which is one of the major
advantages of the method. The metal flow is more uniform during indirect extrusion process
than direct one. Since there is no frictional interaction between the billet surface and the
container the required force is always smaller as compared to the direct extrusion mode.
Another advantage of the indirect extrusion process is the fact that higher extrusion speeds
can be achieved. However, direct extrusion is the most widely used method in extrusion
processes, essentially due to the ram construction difficulties confronted in indirect extrusion

steps.

Container

Ram

Ram

|

Billet Die

Figure 1.3 Indirect Extrusion

1.2 Extrusion Dies

Extrusion dies can be classified into four groups according to the complexity of the

process. The specification of the groups is related to the type of the profile that the die

produces.



J The first group contains single opening dies that produce one flat profile out of
each billet. Flat profiles do not contain enclosed hollow sections.
J The second group contains multiple opening dies which includes a separate flat

profile. These dies generate two to six profiles out of each billet.

The third group includes single opening dies designed for hollow profiles.

o The last group of extrusion dies contains multiple opening for hollow profiles.

Flat profile dies consists of a die plate that contains a pocket and a bearing. Hollow
profile dies consist of a more complicated die plate that also has a welding chamber and an
additional bridge part.

For a flat die, only the pocket and the bearing have to be designed to balance the exit
velocity. If the die has multiple openings the process is more complicated, because separate
profiles have to be mutually balanced.

Furthermore, for hollow profiles designing the die plate is complicated since the shape
of the welding chamber and additional bridge part has to be designed as well. In Fig. 1.4

welding chamber, pocket and bearing can be seen.

Figure 1.4  Example of Extrusion Dies



In practice, die design is a process that is based on trial and error. When designing a
flat profile die, the pocket shape and the bearing shape have to be considered. The pocket
shape is defined by pocket contour and pocket length, bearing shape is controlled by bearing
contour and bearing length. Bearing length can be changed along the bearing contour for flow
balancing purposes. Therefore the influence of local variations in bearing length on the
balancing of the aluminum exit flow cannot be fully predicted before the process. Due to
these reasons, die is designed according to the experience of the designer and expert systems.
After the design phase, die is manufactured and then tested in a trial-pressing. After the test, if
the die specifications are enough it is ready to manufacture, otherwise it is corrected or if the
distortions of the profile is too severe it is redesigned. After the correction or redesign and
remanufacturing, the die is tested again. This process is repeated until the die produces
acceptable profiles. For some dies considerable number of iterations is required before a
satisfactory die design has been obtained. The number of iterations depends on the level of
complexity of the profile. Since the complexity of the profiles is increasing and the tolerances
of the profiles are narrowing, the number of necessary trial-pressing is becoming larger in the
extrusion industry.

On the other hand, the method of trial and error is expensive in terms of man hours
and other sources such as raw material. Also due to unpredictability of the number of trial
pressing, it is very difficult to give an accurate estimate of time that is necessary for the
satisfactory die design. In addition to high manufacturing costs, the term of delivery might be

long due to the unnecessary trial pressing.

1.3  Metallurgical Restrictions

In addition to dimensional tolerances of the end product, there are other requirements,
such as surface quality, which have to be fulfilled and monitored throughout the extrusion
process. Therefore, the onset of metallurgical defects would be a limiting factor on the overall
process. For example, in case of very high exit speeds, the surface temperature of the profile
might reach to the melting level which might result in local defects called as hot shortness.
Furthermore, at the start and end of the extruded length, recovery related defects such as
extrusion back-end defect, transverse weld defect on blistering might occur. Even after
anodizing the end product, there might be streaking type defects which consist of bands or
lines appearing darker or lighter, brighter or duller. Due to different cooling rates, patches of

dark rough spots might develop which would lead to a non uniform appearance, see Fig. 1.5.



(b) (c)

Figure 1.5 Extrudate surface quality
Fig. 1.5 shows the extrudate surface quality determined by the temperatures by the
temperatures: (a) perfect surface, (b) surface with mini-cracks and (c) surface with hot

shortness [2].

14 Use of Simulation in Extrusion

As a rational and low cost alternative to trial and error approach, it is becoming a
standard practice to utilize computational sources and carry out different extrusion scenarios
with the aid of numerical methods, mostly the finite element method. Advanced softwares
based on finite element method allows the users to construct a computational model of the
extrusion process including the complex thermo-mechanical loading history, complicated
contact interactions and almost all geometrical details. An experienced engineer with good
interpretation skills on the results would conduct many different analyses on computer with
different combinations of parameters, modified geometries and loading histories. Nowadays,
such tools are integrated in optimization loops in order to get the best set up with respect to a

certain goal.

1.5  Scope of the thesis

In this work, a combined numerical-experimental investigation on an industrial size
aluminum extrusion process is carried out. On the experimental side, material characterization
at high temperatures (in the range of 450 °C - 550 C°) is conducted by means of a newly
designed uni-axial compression test set up. The outcomes of these tests are used to partially
feed a computational model of a real size aluminum extrusion process which is actually
carried out routinely at ASAS Aluminum Extrusion Company. Both the finite element method

and the finite volume methods are used and the computational results are compared with the



data (pressure displacement graph and temperature measurements) recorded at the extrusion
plant of ASAS Aluminum.

The thesis is structured as follows: In the next chapter a brief literature review is
given. After that, material characterization via the compression test set up is presented in
detail. Following this chapter, the basics of the finite element method and the finite volume
methods are summarized. Thereafter, the computational model of the industrial size extrusion
process and the results in comparison with the actual plant measurements are presented. The
thesis is closed by a conclusion and outlook chapter, commenting on the findings and

reflecting on further extensions.



CHAPTER 2

LITERATURE SURVEY

In this chapter, the literature related to the modeling of aluminum extrusion process is
briefly reviewed.

Analysis methods in process simulation consist of methods by which one or more of
the process outcomes of a real physical system are predicted. The main goal of such an
analysis is to minimize production losses in terms of material, energy and therefore to reach
more economical manufacturing processes.

Analysis methods that can be used in metal forming can be classified into two groups
with sub-classification as;

Analytical methods
e Slab methods
e Energy methods
e Slip line field theory.

Numerical methods
e Finite Element Method
e Finite Volume Method

There exists other numerical methods, such as finite difference and boundary element
method but their use in metal forming simulations is very restricted. For a special class of
problems, which are characterized by relatively simple geometry and boundary conditions,
analytical methods could be used to solve idealized metal forming problems, mostly of sheet
metal forming. As far as extrusion process is concerned, one of the earliest works was done
by Siebel and Fangmeir [3] which was based on uniform deformation. They aimed to
calculate the minimum energy required to achieve the deformation and come up with an
extrusion pressure value smaller than the experimental one.

Dodeja and Johnson [4] built some plain strain and axi-symmetrical slip line fields to
calculate the pressure and flow rate during the extrusion. Some of the factors, such as friction
between the billet and the container were ignored but the research contributed to the

understanding of complex metal flow during extrusion through the dies. Although, the



research based on analytical methods for extrusion processes is rather rare in recent years and
velocity differences using the upper-bound method [5].

Limit theorems allows one to make analysis that results in calculated forces that are
known to be higher or lower than the exact solution. Lower-bound analyses are based on
satisfying stress equilibrium. Calculated forces are known as low in this analysis. On the other
hand, predicted forces are known too large at upper-bound analysis [6].

As recent methods, e.g. the Finite Element Method, had reached to a level convenient
for non-linear problems and the advent of more powerful computers, started to use
computational techniques to solve extrusion problems. Actually almost all forming operations
are still challenging to simulate by the Finite Element Method due to large displacements and
strains involved with complicated contact interactions.

On the continuum level, the motion can be described in a Lagrangian or Eulerian way.
Based on the Lagrangian description, numerical methods called as the Total Lagrangian and
Updated Lagrangian were developed [7]. The Updated Lagrangian approach can well describe
the free surface emerging from the die during the process, but it has limitations in handling
complex geometry and large deformations leading to severe mesh distortions and requires
frequent remeshing. The Eulerian approach also used in FEM simulations is well capable of
handling complex geometry and large deformations, but it does not permit the generation of
free surface, which actually occurs throughout the whole extrusion in the transient state. To
track the flow front effectively in an Eulerian framework, Thompson introduced the pseude-
concentration method [8]. Besides the material variables, an extra pseudo-concentration
variable is convected through a fixed (Eulerian) mesh during the analysis. The works of
Dvorkin [9] improved the method in terms of accuracy of the flow front and they could
simulate 3-D piercing operations successfully.

A third approach, which tries to combine the advantages of Lagrangian and Eulerian
descriptions, called the Arbitrary Lagrangian Eulerian (ALE) formulation has shown its
capacities in complex geometries such as the double-hole flat dies presented in Tong [10] and
predicting final shape of the products effectively [11]. However, the deformation of mesh
velocity is an important drawback of the ALE approach.

A versatile Eulerian FEM code was developed by Van Rens [12] by which possibility
of revealing velocity fields in the case of very complex dies with varied bearing length was

demonstrated.
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Majority of the previous research work uses the Lagrangian approach with mesh
refinement and adaptivity techniques. Peng and Sheppard used the commercial FEM package,
FORGES3, based on Lagrangian approach to study the effects of the number and distortion
orifices on flow pattern, pressure requirement and temperature history during extrusion
through multi-hole dies [4]. In addition to this work, the same researchers also investigated
the influence of pocket on metal flow and the microstructure of the extrudate in multi-hole
extrusion. In most of the studies mentioned above, two dimensional geometries were
considered mainly due to restricted computational sources. Although in some cases, a 2-D
analysis might suffice, in many other cases 2-D geometries are far from being representative
of the real case.

With the advent of more powerful computers in recent years it has become more
common to conduct 3D analysis. One of the these studies showed how the process parameters
influence the temperature evolution and the material flow, the effect of ram speed, the initial
temperature evolution [13]. A study on the pockets of the die was carried out to investigate
the effect of steps on metal flow [4]. The results showed that the pocket step could be
effectively used to balance the metal flow. In another study it was demonstrated that the
pocket geometries could be effectively used to adjust the metal flow especially to control the
flow under the legs, [14]. Furthermore, effects of pocket on extrudate temperature and
extrusion pressure were discussed by Fang [15]. According to the study, the pocket in front of
the die bearing can be utilized to regulate metal flow and achieve homogeneity in flow
velocity on the cross-section of the extrudate.

In addition to these studies some researchers tried to predict the temperature
evaluation during the extrusion process [16]. Varying ram speeds, the conditions to prevent
the extrudate temperature from rising excessively, were investigated in the study.

It was found that, by controlling the ram speed profile the continued temperature
increase normally observed during conventional extrusion could be effectively inhibited. With
the predetermined ram speed profiles the fluctuations of the maximum workpiece temperature
could be controlled effectively [16]. Another study results show that the ram speed has a
significant influence on the temperature distribution in the billet, which continuously changes
throughout the process, as a result of complex heat generation and heat loss [2]. At higher ram
speeds, the decrease of extrusion pressure is faster during steady extrusion, due to more heat
generation, less heat loss. Thus flow stress decreases more steeply, as the extrusion proceeds.
In the study performed by Chanda [17], by means of a 3D FEM analysis, the state of stress,

strain and temperature of a commercial aluminum alloy going through square and round dies

11



were investigated. It has been found in that study at the same process conditions the state of
stress in aluminum alloy going through a round die is more favorable than going through
square die, especially at high reduction ratio.

As an alternative to FEM, in recent years there is increasing number of simulation
studies which were carried out by using the Finite Volume Method [18, 19, 20]. This method
has been used successfully in the field of fluid mechanics and starting from 1900’s, it has
been used in flows of metals. With the FVM, in order to get high quality surface finish on the
simulated extrudate, the number of finite volume elements should be very high which
increases the computational cost extensively. Complex contact interactions between bodies
are relatively easily handled with the FVM, which makes it an important alternative for very
complex die geometries and especially the dies with part holes. The comparison of FV and FE
results show that, FV method overestimates the ram force [20].

Although it is possible to conduct analysis with different combinations of parameters,
comparisons with experimental data is essential in order to validate the numerical results. This

is another important aspect which has not been investigated sufficiently in the literature.
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CHAPTER 3

MATERIAL CHARACTERIZATION

Uni-axial compression test is one the most popular material characterization methods
in metal forming. Based on these data, flow curves are obtained which are in turn used in
computational studies to predict different quantities under more complex loading conditions.
During an extrusion process, very high compressive stresses develop in the material and due
to very severe cross-sectional reductions and volume preservation material experiences very
high strain rates. Furthermore, as mentioned before to lower the flow stress, extrusion is
carried out under moderate to high temperatures. Therefore it is essential to characterize the

material under compressive stresses at relatively high temperatures and at high strain rates.

3.1  UNI-AXIAL COMPRESSION TEST

A compression test determines the behavior of materials under crushing loads. The
specimen is compressed and deformation at various loads is recorded. Compressive stress and
strain are calculated and plotted as the stress strain diagram which is used to determine elastic
limit, proportional limit, yield point, yield strength and for some materials compressive
strength.

Axial compression test is a useful procedure for measuring the plastic flow behavior
and ductile fracture limits of a material. Measuring the plastic flow behavior requires
frictionless test conditions, while measuring ductile fracture limits takes advantage of the
barrel formation and controlled stress and strain conditions at the equator of the barreled
surface when compression is carried out with friction.

Axial compression testing is also useful for measurement of elastic and compressive
fracture properties of brittle materials or low-ductility materials. In any case, the use of
specimens having large L/D ratios should be avoided to prevent buckling and shearing modes

of deformation.
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Figure 3.1 shows the modes of the deformation in compression test, which can be summarized
as

(a) Buckling mode, when L/D>5

(b) Shearing mode, when L/D>2.5

(c) Double barreling mode, when L/D>2.0 and friction is present at the contact surface

(d) Barreling mode, when L/D<2.0 and friction present at the contact surface

(e) Homogenous compression mode, when L/D<2.0 and no friction is present at the

contact surfaces

(f) Compressive instability mode, due to work-softening material.

(a) (b) (c)

)

(d) () ()

Figure 3.1  Modes of Deformation in Compression Test

Since metals generally exhibit their lowest formability under tensile stress,
compression test performed to attain higher strain values [21]. Figure 3.2 shows the schematic
representation of the compression test without any friction. The conventional upsetting test of
circular cylinders can be described as the compression of a cylindrical test piece between

parallel dies with lubricated or dry surface.
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Figure 3.2  Compression test without friction

True strain is obtained by using the equation,

m<0
h

0

gu)=1In

3.1)

Where, h(u) is the actual height of the specimen corresponding to applied force F. So it can be

written as;

h(u)=h, -u (3.2)

where U is the measured reduction of height.
True stress value can be calculated from the measured force F and the reduction of height u of

the specimen.

o, (s W (33)

In metal forming processes, friction plays a significant role. It affects the deformation
load, formability of the material and product surface quality that also determines the life of
the tool. Excessive friction leads to heat generation and wear of the tool surface. Friction can

increase the inhomogeneity of the deformation, leading the defects in the finished product.
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Application of a suitable lubricant may reduce friction, but will never eliminate it
completely. A good lubricant will minimize metal-to-metal contact by meeting both surfaces
and adhering to them. It may form a bond or a very soft chemical compound with these
surfaces, so that the shear stress needed to separate the two surfaces will then be no higher
than the shear strength of the weak compound [22].

The upsetting of a small cylinder at room temperature is one of the most widely used
workability tests. As it is compressed in the presence of friction, it usually tends to barrel, and
biaxial stress state develops at the equator of the cylinder, which consists of circumferential
tensile stress.

In the absence of friction, the tensile strain is equal to one half of the compressive
strain. Bulging, which is caused by friction, increases the circumferential tensile strain. Axial
compressive stress may also turn into axial tensile stress depending on the degree of barreling.
A stress state that is composed of tensile components increases the material tendency to create
cracks. Variation of the friction conditions and the upset cylinder’s aspect ratio make changes
on barrel curvature and on the equatorial stress state. This creates some flexibility testing by
upsetting. Therefore friction and barreling, which is a disadvantage for flow stress

measurements, has a preferable effect for formability testing [23].

3.2 TEST SET UP PREPARATION

Based on the temperature measurements recorded at the ASAS Aluminum Plant, it is
decided to conduct uni-axial compressive tests at three different temperatures, 450 °C, 500
°C, 550 °C, respectively.

Since a compression test at high temperatures facility (set-up) was not available, a
cylindrical uni-axial compressive test unit (die) is designed and manufactured. The
compression die, whose cross-sectional view is shown in Fig. 3.3, is composed of an upper

punch and a lower die both manufactured from hot working tool steel (2344).
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Figure 3.3  Compression test die sectional view

To prevent misalignment, punch and the die are dimensioned such that they fit to each
other with a slight gap in between to prevent friction. Furthermore, to release the air trapped
within the free volume (space where the specimen is placed) as the upper punch moves down
and prevent suction when the punch movement is reversed as it reaches to the lowest level,
four equal-distant 6 mm diameter holes are drilled on the die.

Specimens of 15 mm in diameter and 15 mm in height are machined and located under
the upper punch. To prevent heat losses and due to practicality, the whole set up (upper
punch, lower die and the specimen) are heated together in the furnace.

As mentioned before, friction would change the state of stress and makes the
interpretation of results difficult. In the proposed compression set-up, there exists friction
between the punch-lower die (along the walls), between the punch and the specimen and
between the punch and the lower die. In order to minimize the friction, lubricant should be

used between the contacting parts. However, the lubricant has to be effective at high
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temperatures. To ensure that, three different lubricants were examined. Molybdenum

disulfide MoS, , molycote and graphite coatings were used and it was observed that around
500 °C MoS, has evaporated and molycote was completely burned. Best results were

obtained with graphite coating; this graphite coating is also used by ASAS Aluminum
Company at the extrusion processes. This lubricant provides a stable, uniform base of graphite
bonded to the surface.

Compression tests were to be conducted at 450 °C, 500 °C, 550 °C, respectively. Since
the whole set-up is heated up in the furnace, it is essential to assure that the specimen reaches
to the desired temperature. To this end, after some trial heating schemes, the proper heating
protocols were determined. For example to achieve a temperature of 450 °C, in the specimen
the furnace was heated up to 450 °C and kept at this level for 60 minutes. Thermo-couple
measurements are shown in Fig. 3.3, black line shows the temperature of the furnace and the
blue line shows the temperature of the sample. At the end of the 60 minutes, high temperature
thermo-couples measure the furnace temperature as 446 °C, and the sample temperature was

439 °C. It was concluded that, this result is sufficiently close to 450 °C.
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Figure 3.4  Temperature measurements at of 450 °C
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Similar to Fig. 3.4, Fig. 3.5 shows the temperature measurement at 500 °C. Furnace
was programmed to reach 500 °C and stay at this level for 60 minutes. In Fig. 3.5, the black
line shows the furnace temperature and the blue line shows the specimen temperature. At the
end of 60 minutes, the furnace temperature was measured as 483 °C. It was concluded that the

achieved temperature level is sufficiently close to 500 °C.
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Figure 3.5 Temperature measurements at of 500 °C

Finally Fig. 3.6, shows the temperature measurement at 550 °C. Furnace was
programmed to reach 550 °C and stay there for 60 minutes. At the end of 60 minutes period,
the furnace temperature was measured as 549 °C and the specimen temperature was 540 °C.

This is considered to be sufficiently close to 550 °C.
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Figure 3.6 Temperature measurements at of 550 °C

In Table 3.1, all results are summarized in a tabular format.

Table 3.1 Temperature-time measurement by Data Taker
Furnace temperature- Measured furnace Measured specimen
Heating time-minutes
°C temperature-°C temperature-°C
450 60 446 439
500 60 498 483
550 60 549 540

In temperature measurements, K type high temperature thermo-couples are used by
means of the data acquisition system, Data Taker DT-85. Furnace temperature measurement
was important to check the accuracy of the thermo-couples and Data Taker. Following these
heating protocols (schemes), compression tests could be realized.

It should be noted that, the specimen temperatures reached are not exactly values, e.g.
439 °C could be reached whereas the target value is 450 °C. However, this is not a major

problem since the reached specimen temperatures are used for the FEM and FVM analysis.
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To conduct uni-axial compressive tests, after the heating protocol, the whole set-up is
carried to the Zwick/Roell compression/tension machine and the compression test is
performed. The maximum speed of the cross-head is 250 mm/min. Due to very large cross-
sectional reduction (extrusion ratio is 51) in the extrusion process to be modeled, the material
experiences very high strain rates. The maximum strain rate of 0,52 1/sec could be achieved
in the compression test and the material behavior is assumed to be rate independent. This is
clearly an important drawback but not worse than the extrapolated data that would be
obtained by conducting experiments at different strain rates smaller than 0.52 1/sec .

At the end of the test, the machine gives the travel data of the cross-head and the
applied force. From these force-displacement curves true strain-stress data of the specimen at
the test temperature are calculated as described in the next section.

3.3 DETERMINATION OF FLOW CURVE
At each temperature, three compression tests were conducted. In total, nine
compression tests were done.

As mentioned before, force displacement curves were obtained from the experiments.
An example of such a standard result is shown in table 3.2. Current height of the member is

calculated as,

hyy =h, —u 3.2
Table 3.2 Test results for 450 °C compression tests

Standard Standard

travel (u) force h, h(u) A A
mm N mm mm mm~2 mm~2
0,100237 153,574 15 14,899763 |176,7146|177,90342
0,219866 1056,82 15 14,780134 |176,7146|179,34335
0,323382 2944,82 15 14,676618 |176,7146 | 180,60828
0,432391 4300,82 15 14,567609 |176,7146|181,95977
0,558245 5001,82 15 14,441755 |176,7146 | 183,54548
0,686907 5318,82 15 14,313093 |176,7146|185,19539
0,81386 5526,82 15 14,18614 176,7146 | 186,85272
0,939593 5674,57 15 14,060407 |176,7146 | 188,52362
1,06398 5794,95 15 13,93602 176,7146 | 190,2063
1,18727 5903,7 15 13,81273 176,7146 | 191,90405
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where h, is the initial height and uis the shortening of specimen. Due to volume

preservation, the current cross-sectional area of the specimen can be calculated from the

initial cross-sectional area A, and the ratio of hy/h, .

Now all the data necessary for the calculation of stress and strain are available.

. hU
True strain: &y =In (h—j (3.1

True stress: Oty = (3.3)

. . . h(u) —h,
Engineering strain: &g = H 34
0
. . F
Engineering stress: Op = E (3.5)

By using these relations, true stress vs. true strain data was obtained. In the next section, flow

curves of Al 6082 at 450 °C, 500 °C, and 550 °C are presented.

3.3. FLOW CURVES OF AL 6082 AT HIGH TEMPERATURES

Following the procedure described in the previous section, the load-stroke curves
(shown in Figure 3.7, 3.9, 3.11, 3.13, 3.15, 3.17, 3.19 and 3.21) are converted into engineering
stress-engineering strain and true stress-true strain format.

In Fig. 3.8, 3.10, 3.12, 3.14, 3.16, 3.18, 3.20, 3.22 true strain-true stress and
engineering strain-engineering stress curves are presented at different temperatures. These
curves have elastic and plastic regions. The plastic regions are used as the basis for the
characterization of flow curve by fitting an exponential function. Three different test was
done for each temperature, but one of the tests that has to be carried out at 550 °C could not

be conducted properly. By using the average of these curves Fig. 3.29 was obtained.

Using the true stress-true strain curves (average of experiments), exponential curves in

form of y =ax" are fitted. The parameters of these fits are used to feed the simulation. The
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experimental results and the fitted curves are shown in Fig. 3.26, 3.27, and 3.28 for different

temperatures, respectively.
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Figure 3.7  Load-stroke curve of Al 6082 material at 450 °C —test 1
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Figure 3.9 Load-stroke curve of Al 6082 material at 450 °C —test 2

90

80 —eng. stress-eng. strain

— true stress-true strain

70 -
60 -
50 -
40 -

stress in MPa

30
20 A
10 ~

0 I I I 1
0,2 0,4 0,6 0.8

strain

S

Figure 3.10 Comparison of the engineering stress-engineering strain curve and true

stress-true strain curve at 450 °C-test 2
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Figure 3.11 Load-stroke curve of Al 6082 material at 450 °C —test 3
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Figure 3.12 Comparison of the engineering stress-engineering strain curve and true

stress-true strain curve at 450 °C-test 3
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Figure 3.13 Load-stroke curve of Al 6082 material at 500 °C —test 1
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Figure 3.14 Comparison of the engineering stress-engineering strain curve and true

stress-true strain curve at 500 °C-test 1
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Figure 3.15 Load-stroke curve of Al 6082 material at 500 °C —test 2
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Figure 3.16 Comparison of the engineering stress-engineering strain curve and true

stress-true strain curve at 500 °C-test 2
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Figure 3.17 Load-stroke curve of Al 6082 material at 500 °C —test 3

80 -

70 A

——eng. stress-eng. strain
60 g g

— true stress-true strain

40 -

stress in Mpa

30 A

20 -

O T T T T T T T 1
0 0,1 0,2 0,3 04 0,5 0,6 0,7 0,8

strain

Figure 3.18 Comparison of the engineering stress-engineering strain curve and true

stress-true strain curve at 500 °C-test 3
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Figure 3.19 Load-stroke curve of Al 6082 material at 550 °C —test 1
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Figure 3.24 Flow curves of Al 6082 at 500 °C
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Figure 3.25 Flow curves of Al 6082 at 550 °C

y = 38,161x00913 experimantal flow curve

R? =0,9903 — — experimental flow curve

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

true plastic strain

Figure 3.26 Experimental flow curve of Al 6082 obtained from compression test and
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Figure 3.28 Experimental flow curve of Al 6082 obtained from compression test and

exponential curve fit to it at 550 °C
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CHAPTER 4

NUMERICAL MODELING OF EXTRUSION PROCESS

Aluminum extrusion process involves the generation of free surface, thermal effects,
large deformation and complex geometries. Due to these complexities, extrusion process
generally can be analyzed numerically. In the following sections, very brief information on
numerical modeling of extrusion process is presented. For a detailed treatment, the reader may

consult the references cited in this chapter.

4.1  Finite Element Modeling of Extrusion Process

In Finite Element Method (FEM), behavior of continuum, which is normally
impossible to determine exactly, is approximated by means of interpolations for unknown
fields, e.g. displacements, temperatures, expressed in terms of unknown coefficients. Then, by
a variational principle or by using the principle of virtual work, the set of equation that have
to be solved are derived. A Lagrangian or an Eulerian approach can be adopted. For this
purpose, the shape and behavior of the continuum is redefined by a mesh which is composed
of finite collections of sub-domains called finite elements and nodal points where the values
of the functions (displacements, temperatures, etc.) and its derivatives (velocity, acceleration)
are specified.

The finite element method can be used for linear and nonlinear analysis. In metal
forming operations, due to large strains, large displacements and contact interactions, non-

linear analysis is essential to have realistic simulations. There are three sources of non-
linearity: material, geometric and non-linear boundary conditions.

Material nonlinearity results from nonlinear relationship between stresses and strains.
Mathematical modeling of material behavior is difficult especially in the plastic regime.
Furthermore, extensive experimental studies have to be carried out in order to determine the

model parameters appearing in the constitutive laws describing material behavior.
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Geometric nonlinearity results from the nonlinear relationship between strains and
displacements. Furthermore, displacement dependent loading such as fluid pressure on
flexible structures leads to geometric nonlinearity. Two important types of geometric
nonlinearity occur in the analysis of buckling problems and large strain problems such as
manufacturing processes, crash and impact analysis [27].

In addition to these sources of nonlinearity, boundary conditions such as contact and
frictional interaction between solid bodies also are the sources of nonlinearity. Due to non-
smooth Coulomb type friction laws and the unknown contact area, contact forces between the
bodies become solution dependent.

Implicit and explicit algorithms are two different time integrations used in FEM.
Implicit algorithms enables a full equilibrium solution within a convergence tolerance
whereas in explicit algorithm there is no check of unbalanced forces.

Implicit methods satisfy the static equilibrium in the unknown final configuration and
the time increment size can be very large as compared to explicit methods. However, within
each increment, since the equilibrium solution is reached through an iterative procedure, and
in each iteration a system of equation is solved, very large time steps might require excessive
number of iterations and even divergence might occur.

In dynamic-explicit methods, the system matrix is not dependent on the unknown
displacements. However, these methods are conditionally stable and require very small time
steps as compared to implicit methods. In general, computational speed is higher and
memory requirements are less than static implicit analysis. However, these advantages hold
provided that the mass matrix is lumped and single quadrature elements, which have rather
poor stress and strain accuracy, are used. Although, the region of wrinkles is accurately
determined in dynamic-explicit methods, they are not suitable for spring back calculations.

Simulation of extrusion process is complicated by the large displacements and the
large strains that the material is subjected to. One of the most decisive factors is the
constitutive description which becomes non-linear at such large strains. There are two
procedures available for treating metal plasticity at finite strains: (a) elastic-plastic model and
(b) rigid-plastic model.

Rigid-plastic and elasto-plastic models are the most commonly used ones in metal
forming simulations. The former does not require the consideration of elastic response;
therefore the formulation is less time consuming and more robust. On the other hand, elasto-
plastic material model should be used for residual stress analysis and net shape forming
process simulations in which the elastic strains cannot be neglected.
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In elasto-plastic material model, the elastic strain behavior is taken to be linear and the
plastic response is usually determined using Von-Misses yield criterion.

A more serious drawback of the rigid plastic model is the fact that especially in cold
forming processes, friction which is always present between the tools and the workpiece in
elastic regions of the workpiece, is not modeled correctly. This is important in the contact
modeling of extrusion processes, since there is always friction between the workpiece and
die. Furthermore, in a coupled thermo-mechanical analysis, thermal strains can only be
obtained correctly with elastic-plastic formulations. In addition to that, extrusion can be
considered as net shape forming since the dimensional tolerances are tight. Therefore, elastic-
plastic material model is used for all numerical analysis of extrusion. Furthermore, rigid
plastic model cannot detect stress peaks, which occur at the transition between elastic and
plastic material zones.

Within the Lagrangian framework, there are two formulations to discretize the motion
and equilibrium of a deformable body: (a) Total Lagrangian and (b) Updated Lagrangian. In
the Total Lagrangian approach, the equilibrium equations are expressed in terms of
Lagrangian quantities and the weak form is formulated in the reference configuration and the
formulation is casted with respect to this configuration.

For metal forming simulations, updated Lagrangian framework is preferred. In what
follows a brief summary of the updated Lagrangian procedure is given. A detailed treatment

of linear and non linear finite elements can be found in [7].

4.1.1 Updated Lagrangian Formulation:

In the current configuration, the equilibrium equation (conserving of linear

momentum), excluding inertia effects is given as;

Vea+b=0 (4.2
Where o is the Cauchy stress tensor, b is the body force vector and Veis the divergence
operator with respect to the current coordinates. The equilibrium equations are supplemented
by the traction and displacement boundary conditions which are given as,

t=t on T, (4.2)

u=u on [, (4.3)
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By using the principle of virtual work and after some mathematical manipulations, the weak

form of the linear momentum in the current configuration is obtained as

G(u,6u) = [0:V Sudv— [ b.Sudv— [ T5udl =0 (4.4)
Y v r,

where ou is the admissible virtual displacement field. Since the Cauchy Stress tensor is
symmetric, the gradient of the virtual displacement field can be replaced by its symmetric part

and one gets

G(u, Su) = j oV Sudv— j b.Sudv— j 7.6udl =0 (4.5)
v v T,

where V' ou = %(vau +(Véu)') (4.6)

Eqg. 4.5 is the starting point for the finite element discretization. Upon discretization, one ends
up with a set of nonlinear algebraic equations. These non-linear equations are solved by an
incremental-iterative process, e.g. the Newton-Raphson Method, which requires the
linearization of the nonlinear equations. One can linearize the discretized version of Eq. 4.5
and then linearize or first linearize Eq. 4.5 and then discretize.

Directional derivative of Eq. 4.5 (linearization) around u in the direction of Au leads
to;

G(u,6u)+DG(u,0u).Au=0 (4.7)

where

DG(E, 5u) = Ia : [(Vu)T V5u} dv+ J.V“Su C.Vv? (Au) dv (4.8)

In the expression, C is the 4™ order material tangent which measures the sensitivity of stresses
to conjugate strains. Eq.4.8 is known as the updated Lagrangian formulation in the literature

[7]. Upon discretization with suitable elements, Eq. 4.8 takes the following form:

"Z[jETzEdw J.EQECZV}AZ= R (4.9)
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where 7 is the stress matrix, D is the material tangent matrix, Eand B are the corresponding
strain displacement relations, and R is the out of balance force column.

For a detailed treatment one can consult to Bathe [7] or Wriggers [24]. Eq. 4.9 is generally

expressed as,
KAu=-R (4.10)

and upon solution, the incremental displacements Au are found. In case of contact of two

deformable bodies, the weak form is modified with a pair of extra term and takes the form;

G(u,0u) = [0:V*Sudv—[b.Sudv— [ .5udU~ [ tSudr— [ ¢ 5udl (4.11)
v v I

Fc(l) r[(z)
where ¢°is the contact tractions over the contact area r” and r respectively. Linearization

of the weak form and discretization of contact integrals by some special elements, e.g node to

segment, leads to the following form,

(5+5")Ag=—(£+£") (4.12)

where K“is the stiffness term due to contact forces F°. A detailed treatment of contact

discretization schemes is beyond the scope of this thesis and can be found, for example in
[25].

4.1.2 Thermomechanically Coupled Analysis

Many operations performed in the metal forming industry including extrusion may
require a coupled thermo-mechanical analysis. A coupled analysis becomes necessary if the
following conditions pertain:
- The body undergoes large deformations such that there is a change in the boundary

conditions associated with the heat transfer problem.

- The mechanical dissipation converted into heat is large relative to other heat sources.
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In either case, a change in the temperature distribution contributes to the deformation of the
body through thermal strains and influences the material properties.

In this work, the coupled analysis is realized in a weak sense. At a given time step t,
first mechanical equilibrium equations are solved with a frozen temperature field. With the
relevant mechanical quantities in hand, e.g mechanical dissipation and the updated geometry,
a purely thermal analysis is performed and the temperature field is updated which is going to
be used in the next time step. This approach is called the staggered analysis and is
conditionally stable. In other words, a sufficiently small time step is necessary for a reliable
solution. However, due to nonlinear nature of the problem, the time steps used to achieve
convergence of mechanical equilibrium equations is sufficiently small to ensure stability of

the staggered scheme.
4.1.3 Heat transfer

The pure thermal analysis is performed with the classical heat transfer equation,

pcT —Veq=0 (4.13)
where pis the density, cis the heat capacity, and ¢is the heat flux vector defined
through the Fourier’s law of heat conduction. In Eq. 4.14 kis the conductivity and VT is the

gradient of temperature. In equation (9), 7 is the time derivative of temperature.

q=—kVT (4.14)
Usually it is assumed that the thermal properties are isotropic and homogeneous so
that there is basically a single thermal conductivity that is independent of the spatial direction.

Eq. 4.13 is subjected to the following boundary and initial conditions:

T=TonT- (4.15)

on surfaces of the workpiece where the temperature is specified, and

or _
ké_ =g onT, (4.16)

n
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where n the outward unit normal direction of the surface where heat flux g , is defined, and

finally the initial condition

T=T, (4.17)
at every point of the continuum.

Using the standard Galerkin procedure for discretization, the following algebraic equation

system is obtained,

PT+HT+F=0 (4.18)

Where P is the heat capacity matrix, A is the heat conduction matrix and F is the heat flux

vector defined by,

F = [KyNdv+ [ SE(T, ~7.* Nar + [ W(T, ~T,)NdT + [ (T, ~T,)Ndr + [ ¢, Nar + [ gdr
v T, T, T, T, I

(4.19)

where K is the irreversibility factor, S the Stefan-Boltzmann constant, £ is the emission

factor, I'. the workpiece surface that is being in contact with the die, 7, the environmental
temperature, 7, the die temperature, 7, the workpice temperature at the die contact, 7, the
workpiece at the free convection I, and radiant surfaces I, ¢, the frictional heat flow, &
the thermal heat convection coefficient, 4, the coefficient of heat conduction at the

conducting surfaces and N, the shape function column for the temperature field. The

irreversibility factor is assumed to be about 0.9 i.e. it is assumed that about %90 of the plastic
work is converted into heat.

Applying a single step time integration scheme, the current temperature field at time (t+At)

can be found as:

Zn+1 :Zn +(Hzn+l+(l—9)zn+l)At for OSHS]. (420)
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4.2 Finite Volume Modeling of Extrusion Process

Since, large displacements and strains are unavoidable in extrusion, Lagrangian finite
element meshes distort quickly and frequent remeshing is needed. In addition to frequent
remeshing, checks for node separation from or node contact to die surfaces are frequently
needed. The continuous remeshing and node separation contact checks usually decrease the
accuracy of the simulation results. More recently, the use of Finite Volume Method (FVM) is
becoming more common in metal forming simulations, especially in extrusion process
through complex die geometries.

Traditionally Finite Volume Method has been used for fluid mechanics problems and
therefore the balance equations are expressed with respect to a control volume. For moving
boundary problems, in fact a slight modification is introduced which allows the motion of the
faces of the control volume and the conservation equations are modified accordingly. In
FVM, the domain is divided into non-overlapping small volumes, which are treated as control
volumes. At the center of each control volume, the unknown field variables are defined. Each
of the terms appearing in the balance of equations e.g transient term, diffusion term, are
approximated in terms of unknown volume central degrees of freedom and resulting non-
linear algebraic equations are solved similarly. Typically, due to relatively poor interpolation
quality, the resulting solution accuracy is poor. Therefore, for a high accuracy and acceptable
free surface profiles in extrusion processes very high mesh density is required.

Nevertheless, due to its effectiveness in fully filled cavities and relatively easier
geometric treatment of contact conditions makes the FVM an alternative worth considering
especially in every complex geometries. A detailed treatment of the FVM can be found in [18,
19, 20].
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CHAPTER 5

PROCESS SIMULATON AND ANALYSIS OF RESULTS

In this chapter, a computational model of an actual aluminum extrusion process as
conducted at ASAS Aluminum is constructed. Process parameters and geometrical data
supplied by the company is used in combination with the material characterization data
obtained in chapter 3. The computational results are compared with the measured data of the

company. In the following sections, the details of the computational model are presented.

5.1 Geometry

In aluminum extrusion, die geometry (bearing length, shape and dimension of pocket
cavity and welding chamber) and process parameters (extrusion temperature, velocity, die and
container preheating temperature etc.) have a great effect on the quality of final product.

Technical drawing of the die used at ASAS is presented in Figure 5.1.
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Figure 5.1 2D Drawing of the Die
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According to the drawing one 50 mm and two 5 mm pockets were designed. Pockets
allow billet-on-billet extrusion so that extrusion can be run in a semi-continuous operation so
as to maximize the output of extrusion operation. In addition to that, another advantage of

using pocket die is that the adjustment of metal flow can be achieved [4].

According to the 2D technical drawing, 3D geometry of the die is created by CATIA.
Figure 5.2 shows the 3D drawing of the one fourth of the die, container, billet and ram

assembly. Catia drawings are saved in stl format and imported to the simulation programs.

Figure 5.2 3D Drawing of the Die

In an extrusion process, billet with a typical length of 1.0 m or above is continuously
fed in the system. In the model, even with a coarse mesh, it is not possible to construct a
computationally feasible model. Therefore a billet size of 100 mm is used in the simulation,

which is sufficient to extrude a profile due to very large cross-sectional area reduction.
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Reduction of the area which is known as extrusion ratio in extrusion processes is equal to 51
according to the geometry.

5.2 Material and Frictional Contact Parameters

In order to do Finite Element or Finite Volume Analysis, process parameters have to
be set up after the construction of the geometry. In Chapter 3, flow curves of Al 6082 at

different temperatures obtained. This data is used as the billet material whose yield stress is

assumed to be expressed in the form,;
o,=C&" (5.1)

where C and N were identified in Chapter 3 at three different temperature levels. It is
important to note that, due to very high cross-sectional area reduction and incompressibility,
the material is exposed to very high strain rates during the process. Unfortunately, the highest
strain rate that the uni-axial testing device can impose was much smaller than the actual
values (see Chapter 3). Therefore, instead of extrapolating the data to higher strain rates, it is
assumed that the flow stress values are independent of strain rate. This is clearly far from the
actual material behavior and an issue that has to considered in future studies. Other basic

material parameters of Al 6082 are given in Table 5.1 [26].

Table 5.1 Material Properties of Al 6082
Modulus Thermal Thermal Specific Poisson’s
Density of Conductivity | Expansion Heat Ratio
Elasticity
Al | 270 g/cm’ | 70 Gpa 1I80W/mK | 24%10°/K | 935j/Kg'C 0.33
6082
Table 5.2 Chemical Compasition of Al 6082
Si Fe Cu Mn Mg Zn Ti Cr
0,90-0,95 | 0,20-0,23 0,02 0,40-0,45 | 0,65-0,68 | 0,015 0,009 | 0,095-0,1
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The frictional interaction between the die and the billet is described by a constant
plastic shear friction model. The frictional shear stressz, is equal to a product of friction
factor mand the shear yield stress, 7

yield -

T=mr (5.2)

yield
The friction factor m=0 represent a perfect sliding, which means there isn’t any shear or
friction at the workpiece-die interface whereas m=1 represents sticking friction which means
that the friction shear stress equals to the shear flow stress of the material. Because profile
extrusion processes usually involve a high contact pressure, it is generally more appropriate to
use law of constant plastic shear friction. In this work, m is supposed to be 0.5, representing a

non-lubricating state suitable for direct extrusion.

5.3 Process Parameters

The ram speed provided by ASAS is 4 mm/s and the whole stroke of the ram is 30
mm. the initial temperatures of the dies and the billet are 430 °C and 450 °C, respectively.

Table 5.2 shows the process parameters.

Table 5.3 Process Parameters of the simulation

Billet length (mm) 100
Billet diameter (mm) 260
Initial temperature of billet (°C) 450
Initial temperature of container (°C) 430
Total stroke (mm) 30

5.4  Element Type and Mesh
Element sizes influences the accuracy and time cost. Smaller element size implies

large amounts of elements and higher accuracy but larger simulation time. Considering the

geometry of the die, the elements in the bearing area should be smaller. In order to construct
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an efficient model, elements of 5 mm (hexahedral elements) are used, which are subdivided
twice in refinement boxes located at appropriate positions (see Figure 5.5). In Finite Volume
simulation similar mesh and refinement boxes are used. In Finite Element simulations, brick
elements (Simufact) and tetrahedral elements (Deform) are used. In Finite Volume
simulations, tetrahedral finite volumes are used. Both FE and FV simulations can be done by

Simufact software. Only FE analysis can be done by Deform software.

5.5 Results and Comparison

On the basis of these data, FE and FV models of the process are constructed by using
the commercial packages, Simufact and Deform. In addition to comparison of ASAS
aluminum measurements and simulation results, it is intended to compare the performance of
different packages (Simufact and Deform) and different methods (FE and FV).

At ASAS, during the extrusion, ram displacement versus applied force are recorded. In
addition to that, the exit temperature of the extrudate’s surface at a single point is recorded as

well. Typical recordings are shown in Table 5.3.

Table 5.4 Experimental Results of Extrusion Simulation

id Ram pressure-bar|Ram speed-mm/s| created date | exit temperature-°C TS
pressure-bar
1 54 0 22.10.2010 16:31 521 244
2 119 0 22.10.2010 16:31 519 244
3 105 0 22.10.2010 16:31 510 232
4 123 0,7 22.10.2010 16:31 508 246
5 150 2,5 22.10.2010 16:31 508 248
6 180 2,7 22.10.2010 16:31 505 248
7 198 2,6 22.10.2010 16:31 504 248
8 210 2,6 22.10.2010 16:31 505 248
9 227 2,9 22.10.2010 16:31 511 248

Ram pressure is given in bar and the cross sectional area is 1.16m”. On the basis of
this data, the applied force is calculated. The resulting force displacement curve is shown in

Figure 5.3. Similarly, temperature vs time graph is given in Figure 5.4.

47



forcein MN

temperature in C

30

25 A

20

15

10

580

570 -

560 -

550 -

540 -

530

520 -

510 -

500

100 200

Figure 5.3

300 400 500 600 700 800

displacement in mm

Experimental force-displacement curves

900

1000

Figure 5.4

100 150 200
dispalecement in mm

Exit temperature-displacement curve

48

250



In a Figure 5.5 different stages of the extrusion process as obtained from Simufact are shown.
Similarly in Figure 5.6 different stages of the process as obtained from Deform are presented.
From the final stage configuration, it can be concluded that the shape of the extrudate are
predicted very well. Although a quantitative comparison with the actual profile dimensions is

not available, it seems that both programs are capable of producing the final geometry

reasonably well.

Figure 5.5  Different Stages of Simufact Simulation
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Figure 5.5  Different Stages of Deform Simulation

To make a quantitative evaluation, in Figure 5.7 force-displacement curves obtained by
Simufact, Deform and the measured data presented. First of all, it has to be remarked that,
with Simufact , the simulation with billet size 100 mm could not be completed. Therefore, a
billet of 50 mm is analyzed with Simufact. In Deform, the analysis with a billet of 100 mm

could be completed.
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Figure 5.7  Comparison of the Experimental and Simulation Results

As seen from Figure 5.7, the result obtained by Deform seems to be in reasonably good
agreement, particularly when the first peak values are concerned. This point corresponds
almost to the onset of continuous profile exit. The comparison of peak values reached does
not make much sense since the simulation curve is still increasing. A closer look to the
Simufact results reveals that, this curve is over estimating the response but still in the correct
order of magnitude. The large difference between Simufact and Deform might be due to
relatively fine mesh used in Deform. (In Deform, symmetry conditions are used and fourth of
the billet are modeled, whereas with symmetry conditions, Simufact could not complete the
analysis even with 50 mm billets therefore the full model are considered with Simufact. The
number of elements in Deform was almost six times the number of elements of the Simufact
model). To investigate the effect of billet of 50 mm is conducted as well. In Figure 5.8, the
influence of billet size is presented. The curves are close but analysis with different billet
lengths would be necessary to make a more complete analysis. This is an issue which has to

be investigated.
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Figure 5.8 50 mm and 100 mm billet results of Deform Analysis

Finally a comparison of the Finite Element Method and Finite Volume Method is given in
Figure 5.9. It is clearly seen that the Finite Volume Method overestimates the ram force.

Although, the predicted geometry of the profile seems to be good, the quantitative predictions

are not very reliable.
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Figure 5.9 Finite Volume and Finite Element Method Comparison
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Since thermo-mechanical coupled analysis were carried out, predicted temperature values are
also available, which are presented in Figure 5.4 and Table 5.4 in comparison with the
measured data. The temperature predictions are also in reasonably good agreement. The
presented temperature values are obtained by Deform. It has to be noted that the temperature

predictions obtained by Simufact were lower, around 460 °C.

Figure 5.10 Temperature simulations of deform analysis

Table 5.5 Exit Temperature Comparison with measurement of ASAS and Deform.

Measurement number Measurement of ASAS Deform Results
1 504 490
2 511 500
3 527 515
4 533 520
5 549 535
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Fig. 5.11 shows the temperature distribution in the billet as obtained by Deform. It can be

seen thar the contact surface temperatures are higher due to high friction.
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Figure 5.11 Temperature distribution of Deform analysis

54



CHAPTER 6

CONCLUSION AND OUTLOOK

This thesis focused on the numerical modeling of an industrial size extrusion process
in combination with required material characterization. In this respect, the presented work
differs from most of the existing numerical-experimental studies where laboratory scale
extrusion processes are considered.

Uni-axial compression tests were carried out by a newly designed, simple test set up.
The experimental results support the reproducibility of the results obtained by the protocols.
However, it would be useful to carry out some new experiments and find better ways of
temperature control. More importantly, material characterization at high strain rates in
combination with high temperatures has to be done.

As far as the simulation results are concerned, for quantitatively reliable results, it
seems that the Finite Element Method is preferable. For the particular problem in hand, one
has to look for some alternatives to make an analysis with a longer billet. Due to symmetry
the computational domain can be substantially reduced therefore longer billet simulations
would become feasible. Although this option had been considered, the FE packages,
especially Simufact was not successful in models with symmetry conditions. Nevertheless
cases with longer billet sizes are very important and suitable ways to carry out such
simulations have to be sought. The industrial partner, ASAS might be asked to do the
extrusion process with relatively shorter billets, e.g. the billet sizes that can be successfully
simulated.

In this work one set of material, friction and process parameters are considered. Once
a reliable model is reached, it would be very beneficial to carry out some parametric studies.

As far as the simulation tools are concerned, it seems that Deform has higher
capabilities both in force and temperature predictions.

Finally, on the basis of obtained results and comparisons, it can be concluded that,
Finite Element based extrusion modeling is promising provided that it is combined with

reliable material and friction characterization.
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