
DISS. ETH No. 26916

Virtual analysis of welds formation during
direct extrusion processes

A thesis submitted to attain the degree of

DOCTOR OF SCIENCES of ETH ZURICH

(Dr. sc. ETH Zurich)

presented by

MICHELE GIOVANNI LIANG CROSIO

MSc ETH Zurich

born on 31.01.1991

from Celerina (GR), Switzerland
and Milano (MI), Italy

accepted on the recommendation of

Prof. Dr. P. Hora, examiner
Prof. Dr. Ir. A.H. van den Boogaard, co-examiner

Zurich, 2020





Acknowledgments

I would like to take the opportunity to thank all the people that encouraged,
motivated and inspired me during the time spent at the Institute of Virtual
Manufacturing at ETH Zurich.
Foremost, I would like to express my special thanks of gratitude to my main
doctoral advisor Prof. Dr. Pavel Hora for offering me this possibility and for
supporting me during the entire course of my doctoral studies. His guidance
and new ideas have been a crucial contribution to the successful completion
of this thesis. Working at the institute under his supervision has been a great
pleasure. I would also like to extend my gratitude to my co-advisor Prof. Dr.
Ton van den Boogaard for the fruitful discussions and suggestions about my
thesis.

Special thanks go to the Aluminium Laufen AG for providing their exper-
tise and machinery to conduct the experimental trials. In particular, I would
like to thank Mr. Patrick Villiger, Mr. Daniel Lindenberger and Mr. Patrice
Muller for their professional organization and insightful discussions about the
design of the tools in extrusion processes.
I also would like to acknowledge the Swiss Innovation Agency (Innosuisse) for
providing an important portion of financial support for this research.

I also want to thank my experienced colleagues at the institute Dr. Bekim
Berisha, Dr. Niko Manopulo and Mr. David Hora for the support provided
and for being always open for questions and discussions during the course of
my research.
Many thanks also to my colleagues and assistants for providing an exciting
and energetic working environment.

Last but not least, I would like to thank my parents Shan Wei and Alberto
for their love and support, making my studies possible and encouraging me
throughout this time. As well, special thanks go to Estrella for her continuous
support and motivation.

iii





Abstract

The extrusion industry is under constant pressure to reduce manufacturing
costs, without compromising the quality of their products. Here, the classical
approaches with tryouts of the tools on the real process are reaching their
limits. Virtual methods based on finite element calculations (FEM) are an
increasingly interesting alternative that is suitable for industrial use. These
are now able to calculate even very complex hollow geometries. However, the
prediction of different quality defects that occur during the extrusion process
still represents a great challenge in the context of virtual process modelling. A
particular challenge is the control of the properties of the seam welds in hollow
profiles, as the geometry of the tools must be designed in such a way that the
mechanical properties of the profile are not affected. This requires that the
simulations precisely predict mechanical state parameters such as local stress,
strain and temperature distribution. Further, on this basis, mathematical fail-
ure criteria can be modelled and calibrated by means of suitable experiments.
Only by coupling the simulation with process-specific failure and therefore
quality criteria, a virtual optimization of the tools and thus of the processes
is possible. Due to the complexity of the process, this is still not the case.

The present study shows a methodology of an ALE-based process modelling of
extrusion processes. In particular, it focuses on the topic of failure prediction
for extrusion welds. Thereby, two different types of welds are analyzed: the
charge weld and the seam welds.
The charge weld occurs when a billet-to-billet extrusion process is conducted,
whereby sections of the profile are being extruded containing material from
different billets. This section must always be detected and removed to the
whole extent.
The second type of welds are the seam welds: these are the unavoidable con-
sequence of the extrusion with portholes of hollow profiles. Thereby, material
from the billet is divided into different streams, which re-join within the weld-
ing chamber of the die, where they weld together in order to obtain the shape
of the extrudate.
In order to analyze the extrusion welds, an algorithm based on particle-tracking
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has been developed and integrated in the special purpose ALE-FE-code Press-
Form (PF)-Extrude. After the velocity field from the FE-simulation has been
calculated, the charge weld analysis (CWA) algorithm tracks the evolution of
the contact interface between two charges at the inlet of the die. Using this
strategy, it is possible to investigate how material from the newly loaded billet
fills the die exhausting the material from the previous billet. This allows to
determine the section of extrudate over which the charge weld extends and
must be removed. Analysis on an industrial example showed possibilities to
reduce the length of scrap material by changing the geometry (size) of the
portholes-die.

The algorithm has also been programmed to perform analysis of seam welds
(seam welds analysis, SWA). Therewith, the contours of the portholes of the
die are identified from the volumetric mesh and the boundary elements (rele-
vant to the formation of the welds) are isolated. From these elements, particles
are tracked up to the outlet of the die and during this stage, the welding zones
are located, where material from different portholes comes in contact to weld.
This represents a prerequisite for the subsequent quality analysis. In addition,
the position of the seam welds in the profile is defined. Further, given the
calculated flow lines, quality criteria can be integrated, as particles reach the
identified welding regions, providing information on the bonding condition.
The virtual analysis of the seam welds quality requires the selection of suitable
mathematical criteria as well as their calibration. To determine the critical
conditions under which the bonding conditions of 6060 aluminium alloy are
achieved, two laboratory experiments and a real test tool have been developed.
These have been reproduced by means of FE-simulations and the criteria im-
plemented through subroutines, where approaches known in the literature,
such as the Q- [PP00], K- [DT04] and J-criterion [YZC16a], have been im-
plemented. Additionally, the TSH-criterion based on temperature, strain and
hydrostatic pressure has been developed. To validate the criteria and their
FEM implementation, extrusion tests of a benchmark profile with different
die configurations have been performed and simulated in PF-Extrude with the
implemented algorithm. The results showed a good agreement of the J- and
TSH-criterion with the experimental trials and with the literature, predicting
the formation of a core-void given a particular configuration of the die. Fur-
ther analysis showed a qualitatively better approximation of the formation of
a core defect by means of the TSH-criterion.



Kurzfassung

Die Strangpressindustrie ist einem stetigen Druck ausgesetzt, die Herstel-
lungskosten zu senken und gleichzeitig die Qualität ihrer Produkte zu erhöhen.
Hierbei stossen die klassischen Vorgehensweisen mit einem Tryout der Werkzeu-
ge im realen Prozess an ihre Grenzen. Eine zunehmend interessante und indus-
trietaugliche Alternative stellen virtuelle Prozessmodelle, basierend auf Finite
Elemente Berechnungen dar (FEM). Diese sind heute in der Lage auch sehr
komplexe Hohlprofilgeometrien abzubilden.
Eine grosse Herausforderung im Rahmen der virtuellen Prozessmodellierung
stellen die Voraussagen der unterschiedlichen, bei den Strangpressprozessen
auftretenden Qualitätsfehler dar. Eine besondere Herausforderung ist dabei
die Kontrolle der Eigenschaften der bei den Hohlprofilen vorhandenen Schweiss-
nähte. Die Geometrie der Kammerwerkzeuge muss dabei so ausgelegt sein,
dass die mechanischen Eigenschaften des Profils nicht beeinträchtigt werden.
Dies setzt voraus, dass die mechanischen Zustandskenngrössen wie lokale Span-
nunsgverteilungen, Dehnungs- und Temperaturverteilungen mittels der Simu-
lation exakt vorausgesagt werden. Auf der Basis von diesen müssen auch die
entsprechenden mathematischen Versagenskriterien gebildet werden und diese
mit Hilfe von geeigneten Versuchen kalibriert werden. Erst durch Kopplung
der Simulation mit den prozessspezifischen Versagens- resp. Qualitätskriterien
ist eine virtuelle Optimierung der Werkzeuge und damit der Prozesse möglich.
Dies ist nach wie vor nicht im befriedigenden Mass der Fall.

Die vorliegende Arbeit zeigt die Methodik einer ALE basierten Prozessmodel-
lierung von Strangpressprozessen. Sie widmet sich aber schwerpunktsmässig
der Thematik der Versagensvoraussage bei Schweissnähten. Hierbei werden
die beiden Schweissnaht-Typen der Querpressnaht und der Längspressnaht
behandelt.
Die Querpressnaht tritt auf, wenn Abpressungen mit dem sogenannten billet-
to-billet Verfahren durchgeführt werden. Dabei werden Profilabschnitte ex-
trudiert, die Material von verschiedenen Bolzen enthalten. Da diese Übergangs-
zonen aus dem Profil entfernt werden müssen, muss ihre Lage exakt bekannt
sein.
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Die zweite Art von Schweissnähten sind die Längsnähte. Sie sind die unver-
meidliche Folge des Pressens von Hohlprofilen durch den Einsatz von Kam-
merwerkzeugen. Dabei wird das Bolzen-Material durch die Kammern in ver-
schiedene Ströme aufgeteilt, die in der Schweisskammer wieder zusammen-
fliessen und verschweisst werden müssen.
Zur Behandlung der Schweissnahtproblematik wurde in der vorliegenden Studie
ein Algorithmus auf der Basis eines Partikel-Tracking entwickelt und in den
speziellen ALE-FE-Code PressForm (PF)-Extrude integriert. Nachdem das
Geschwindigkeitsfeld aus der FE-Simulation berechnet wurde, verfolgt der Al-
gorithmus der Querpressnahtsanalyse (CWA) die Entwicklung der Kontakt-
fläche zwischen zwei Bolzen am Einlass der Matrize. Damit ist es möglich zu
untersuchen, wie das Material des neu geladenen Bolzens das restliche Mate-
rial des vorherigen Bolzens aus der Matrize verdrängt. Hiermit ist es möglich
in dem extrudierten Profil den Bereich zu indentifizieren, über welchen sich
die Querpressnaht erstreckt und der herausgeschnitten werden muss. Anhand
eines industriellen Beispiels wird ebenfalls die Möglichkeit aufgezeigt durch
Modifikation (Verkleinerung) der Schweisskammergeometrie eine Verringerung
der Länge des Schrottmaterials zu erreichen.

Das Prinzip des Partikel-Trackings wurde ebenfalls zur Analyse der Längsnähte
eingesetzt. Die Kontur der Presskanäle der Matrize werden aus dem volu-
metrischen Netz identifiziert und die zugehörigen Randelemente isoliert, die
für die Bildung der Schweissnähte relevant sind. Von diesen Elementen aus
werden die Partikel bis zum Ausgang der Matrize verfolgt und die Schweiss-
zonen bestimmt, in denen Material aus verschiedenen Presskanälen in Kon-
takt kommt und zusammengeschweisst wird, was eine Voraussetzung für die
späteren Qualitätsanalyse ist. Zusätzlich wird die Position der Schweissnähte
im Profil definiert. Die so berechneten Strömungsbahnen ermöglichen die
Auswertung von Qualitätskriterien, welche Informationen über die Güte des
Schweisszustandes liefern.
Die virtuelle Bestimmung der Schweissnahtqualität erfordert die Wahl geeigne-
ter mathematischer Kriterien wie auch ihre Kalibrierung. Um die kritischen
Zustände zu ermitteln, unter denen die Schweissbedingungen für die 6060 Alu-
minium Legierung erreicht werden, wurden zwei Laborexperimente und ein
reales Versuchswerkzeug entwickelt. Die Zustände in den Labortests wurden
mittels FE-Simulationen reproduziert und die Kriterien in Subroutinen im-
plementiert. Als Kriterien wurde einerseits die aus der Literatur bekannten
Ansätze, das Q- [PP00], K- [DT04] und J-Kriterium [YZC16a], angewendet.
Zusätzlich wurde ein neues, auf den Grössen Temperatur, Dehnung und Hy-



drostatischer Druck basierendes TSH-Kriterium entwickelt.
Zur Validierung der Kriterien und der FEM-Implementierung wurden Strang-
pressversuche eines Benchmark-Profils mit verschiedenen Matrizenkonfigura-
tionen durchgeführt und in PF-Extrude mit dem implementierten Algorith-
mus simuliert. Die Ergebnisse zeigten eine gute Übereinstimmung des J- und
des TSH-Kriteriums mit den experimentellen Versuchen und mit der Litera-
tur, wobei die Bildung eines Kernlochs bei einer bestimmten Konfiguration
des Werkzeugs korrekt vorhergesagt wurde. Weitere Analysen zeigten eine
qualitativ bessere Annäherung des TSH- Kriteriums an die Entwicklung des
Kerndefektes.
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1 Introduction

The extrusion of aluminium alloys is widely adopted as a mass-manufacturing
process owing to the high achievable production rates and to the possibility of
producing a vast range of complex geometries. As this is true, the industry is
increasingly under pressure to reduce manufacturing costs and seeking ways to
increase the process efficiency. This can be achieved by reducing scrap material
that results by either non-optimal designs of the die or by sub-optimal process
parameters, which can cause products with insufficient mechanical properties
or lower surface quality. Ultimately, as extrusion products are implemented
in a wide range of applications, it is critical to maintain high quality stan-
dards, whereby the products show no defects on the surface nor in the core.
Surface defects are usually easier to spot, as they can be detected through
a visual inspection of the extrudates. On the other hand, core defects (e.g.
chevrons, charge weld, back-end defect, seam welds) require intensive and time-
consuming analysis, often requiring sections of the products to be mechanically
tested. As it can occur that multiple design cycles are required to achieve the
final extrusion die, this is one of the main sources of scrap production.
Finite element methods (FEM) can be applied in the industry to analyze the
process before the tools will be manufactured, even during the design phase
with computer aided design software (CAD).

1.1 Extrusion

In the extrusion process a cast billet is pressed through a shape-giving die,
whereby a continuous extrudate is manufactured with a homogeneous cross-
section [She99]. Before the actual pressing of the billet, this is heated to a
predefined temperature, in order to achieve a reasonable formability by in-
creasing the ductility of the material and thereby lowering the flow stress.
This avoids the possibility of reaching the maximal force available of the ex-
trusion press.
A so called puller is used to guide the profile along the cooling table as it
is leaving the outlet of the die. In this stage, in order to quickly reduce the
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1.1 Extrusion

Figure 1.1: Process chain of extrusion process.

temperatures, the profile undergoes a quenching process, where either water
or air is used according to the temperature of the extrudate at the outlet
of the die. After the profiles have been cooled down to room temperature,
they are stretched, such that the shape of the profile is corrected within given
tolerances. After being sawed to their final lengths, the profiles undergo an
artificial aging process, where the final strength required by the product can
be fine tuned.

1.1.1 Classification of extrusion processes

In the norm DIN 8583-6 [DINc], the extrusion process is classified within the
pressing forming processes (see Figure 1.2). The process is classified by the
pressing tools (a solid tool or a medium) and by the work direction. In the
direct extrusion process, the movement of the punch and the flowing direction
of the extrudate are in the same direction, while, in contrast, in the indirect
extrusion direction, the two directions are opposite. A special process within
the extrusion family is cross extrusion: the work direction of the punch and
the flowing direction of the extrudate are perpendicular to one another. This
last type of process has been often implemented to extrude covered rods for
electrical power transmission. All of the previously mentioned processes are
able to extrude full or hollow shapes, while for the latter, a mandrel to create
the inner geometry is required. A second special process is extrusion with
medium, where the extrusion force to form the material through the die is given
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Figure 1.2: Classification of extrusion process according to DIN 8583-6
[DINc], [Hor19]: 1 Punch, 2 Container, 3 Dummy block, 4 Billet,
5 Die, 6 Die holder, 7 Extrudate, 8 Mandrel.

by the hydrostatic pressure of a medium forced against the billet. Although not
widely implemented, due to high costs, it enables to have an almost friction-
free extrusion as in the container section of the tools, no contact between tools
and workpiece is present. Applications of this extrusion process include the
production of superconductors.
In Figure 1.2 the extrusion processes, focus of this study, are marked: direct
extrusion of full and hollow profiles.

1.1.2 Direct extrusion process

During the direct extrusion process (also known as forward extrusion), the
workpiece in the form of a cylinder is inserted in a container and pushed
through a die. As a consequence, the punch movement and the profile flow-
ing direction are corresponding. The major difference of the direct extrusion
process, compared to the indirect counterpart, is the higher pressing forces re-
quired to overcome the frictional forces due to the relative movement between
the billet and the wall of the container. It is critical to consider this factor, as
it is a source of heat generation during the process, causing an increase of the
profile temperature at the die outlet [GY14].
Through this process, it is possible to manufacture almost any shape, as a full
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Figure 1.3: Example of tools for: (a) full profiles, (b) hollow profiles (in this
case with a two-hole set-up)

profile or hollow. For full profiles (see Fig. 1.3a), the tooling set-up requires
only one shape giving element, namely the press mouth of the die. Thereby,
in order to better distribute the material flow along the shape of the profile, it
is possible to manufacture the die with a pre-chamber (also known as pocket),
which is achieved by milling a pocket with variable depths and widths around
the press mouth. Moreover, the press mouth is equipped with a bearing : this
is modeled in such way that the velocities of the profile at the outlet are more
homogeneous, by having longer contact regions where the profile would flow
faster and shorter where it would flow slower.
In the case of hollow profiles there are different methods that can be imple-
mented to manufacture the inner contour of the profile. The first method is
to assemble a bridge shaped tool (the bridge, see Fig. 1.4c), which divides the
material of the billet into two different streams. These reunite in the welding
chamber and flow along the mandrel (hold in place by the bridge) to form
the inner contour, while the outer profile is shaped by the outlet of the die.
A second possibility is represented by the application of a so called spider
tool (see Fig. 1.4b): similarly to the bridge, this divides the material in dif-
ferent streams and holds the shape-giving mandrel. Although these methods
can be effectively implemented, they do not allow flexibility when it comes
to the position of the so called seam welds (also called longitudinal welds),
where the material comes in contact and welds together. It is often the case
that the position of the seam is predefined and the die must be accordingly
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Figure 1.4: Set-Up of die for direct extrusion of hollow profiles [She99]: (a)
portholes die, (b) spider tool, (c) bridge tool.

designed to meet these requirements. Such flexibility is achieved by means
of dies equipped with portholes (see Fig. 1.4a and Fig. 1.3b), where the tool
is manufactured with an arbitrary number of bridges (therefore the hollow
parts of the tool represent the portholes) located in such way that the welds
are in the required position. It is possible that during the pressing process,
material from different portholes can assume different velocities due to the
geometrical design of the die. This can cause the welds to shift from their
position. Moreover, the result of the welding properties depends highly on
process variables, such as hydrostatic pressure, temperature, deformation his-
tory and velocities of different fluxes. A constant pressure state is required
to drive material fluxes from the portholes together and to successfully bond.
This is usually higher close to the punch (due to high frictional stresses arising
in the container region) and lower close to the press mouth as it decreases
along the bearing region. In the same way, the temperature gradient within
the workpiece is highly inhomogeneous, due to the deformation gradient and
to the friction at the contact regions with the tools. Furthermore, it is highly
important to notice that higher temperatures increase the formability of the
material, therefore decreasing the hydrostatic pressure. During the bonding
process the deformation of the material itself plays an important role, because,
as the material is flowing within the die, complex deformation gradients can
result from the geometry of the tools, which can lead to different bonding
results. As only minor changes can be applied to the manufactured die and
to the highly complex stress condition within the die (which varies during
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the process), it is critical to check the position and quality of the seam welds
ahead of the pressing process. To its aid, finite elements simulations represent
an essential tool to analyze the drafts of the tooling leading to a final design,
giving the possibility to reduce costly and time consuming optimization cycles
of the dies.

1.1.3 Defects in extruded profiles

Due to its diverse fields of application, from architectural elements to parts of
avionic structures, it is an important issue to prevent defects on the surface of
the profiles as well as in the core. In the literature [ASQ+02] it is possible to
find a catalog of defects, which can be grouped in the following main classes:

• metal flow related defects

• surface defects

• metallurgical defects

• weld defects

The first category represents all defects that are related to the material flow.
Within these, the most common defect is the so called skin effect (also known
as back-end defect). Before the pressing process, the aluminium billet is heated
to its working temperature, where aluminium oxides can build up on the sur-
face of the billet. Further, during the direct extrusion of the billet, the surface
adheres to the walls of the container, due to the high frictional forces exerted
by the high pressures. As the punch moves forward, the contaminated layer
close to the punch, flows in direction of the core along the punch. The con-
taminated material accumulates in this region and, as the punch is closing to
the die, flows through the die into the final product following the material
stream [HB10]. The oxides and impurities within the profile lower the me-
chanical properties of the final product and, here, the contaminated length
must be completely removed (see Fig. 1.5a). A second frequent extrusion de-
fect related to the material flow are the so called center bursts (also known as
chevrons): as the velocity of the material in the core of the profile is higher
than the velocity of the profile surface (due to friction at the contact regions
between workpiece and tool), the center of the material can advance faster in
the proximity of the outlet of the die. The flow imbalance can cause regions
with high positive stresses within the core of the profile, causing large voids
(see Fig. 1.5b).
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(a) Skin effect [HB10]. (b) Center bursts [SMCL04].

Figure 1.5: Material flow defects in extruded rod.

The second class refers to the defect occurring on the surface of the profiles.
These defects are commonly related to the surface temperature of the pro-
file, resulting from the heat generation during the deformation [She99] and
the friction with the tools. The extrusion limit diagram [Hor19] represents
an aid to avoid this type of defects: thereby, the maximal temperature of the
profile is illustrated as a function of the punch velocity. If the profile exceeds
this temperature, a lower quality of surface finish can occur and ultimately
surface defects like blisters (air pockets trapped just beneath the surface of
the extrudate), cracking, pick-ups (short streaks on the surface) or die lines
(depressions on the surface), might appear on the extrudate (see Fig. 1.7).
Moreover, since extruded profiles are often used for architectural purposes,

(a) Material with good formability. (b) Material with hard formability.

Figure 1.6: Extrusion limit diagrams for different alloys [Hor19].
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(a) No defects [NBH19]. (b) Skid mark [NBH19]. (c) Blisters [NBH19].

(d) Welds streaks [She99]. (e) Cracks [GGM15]. (f) Pick-ups [GGM15].

Figure 1.7: Common surface defects occurring on extruded profiles.

the presence of seam welds in visible areas is undesired. These can cause the
color of the profile to be non uniform, after being anodized. Therefore, it is
extremely important to carefully design the die, such that seam welds are lo-
cated in areas which are not visible (see Fig. 1.7d), provided that the geometry
of the profile allows it.
One of the most common defects in extrusion processes of aluminium alloys
is the development of coarse grains in the extrudates: during the extrusion
process the high temperatures involved during the deformation and the high
accumulated strains can trigger the evolution of coarse grains in the profile due
to recrystallization of the extruded material [EZD16]. As these can develop
on the surface of the profile, they increase the risk of crack initiations, which
must be avoided in particular in structural profiles.
Weld related defects include the charge weld and the seam welds (see Fig. 1.8).
The first is a process-related defect: in order to reduce down time of the press,
billets are loaded into the machine one after the other without first exhausting
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Figure 1.8: Charge weld and seam welds in extruded hollow profile [LSI04]

the material of the previous billet from the die. This procedure would be pos-
sible for full profiles, but when it comes to the extrusion of hollow profiles, this
is impossible due to material trapped by the bridges of the die. The continu-
ous production process is called billet-to-billet extrusion (see Fig. 1.9): when
a billet has been pressed, the punch is moved back to the start position and
the billet butt sheared off at the inlet of the die. Directly behind the die (still
filled with material from the old billet), a new billet is loaded. Further, the
punch is moved forward and the extrusion process continued. As this happens,
material from the new billet flows into the die and, as the pressing continues,
a section of the profile is extruded containing material from both billets. Due
to the lower mechanical characteristics of this section (caused by impurities
and oxides at the front face of the billet), this must be systematically detected
and removed. As the contaminated length can prolong for several meters, it
is an important task to optimize the design of the die in order to minimize it.
This has been shown to be highly dependent on the internal size of the die:
as the size is reduced, the velocity of the material flowing through the die is
increased, thereby accelerating the exhaustion of material from the old billet
[CHBH18].
A defect which appears only in hollow profiles is the formation of seam welds
along the entire length of the extrudate (see Fig. 1.8). These are the result of
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(a) First billet
loaded.

(b) Pressing of
first billet.

(c) Shearing off
billet butt.

(d) Latter bil-
let loaded.

(e) Charge
weld.

Figure 1.9: Charge weld formation during extrusion process [CHBH18].

the material joining together inside the welding chamber, after being separated
by the portholes into different material streams. As the mechanical integrity
of the product relies on successfully bonded welds, it is critical to monitor
their strength. If the extrusion conditions are not sufficient, pressure welds
cannot be formed and defective welds appear in the profile [She99]. The seam
welds can be even more hindered, if contamination from the the charge weld
is present: the region close to the seam weld contains oxides and impurities
making the bonding conditions inadequate.
The research conducted by Yu et al. [YZ17] divides the defects of the seam
welds into three major categories: unbonded macro-defects due to material
flow problems within the die, unclosed micro-voids due to insufficient solid
state bonding at the interface and microstructure defects (due to coarse grains).

1.2 Aim of the study

In order to avoid products with lower mechanical properties or even worse,
with large voids at the welding regions (see Fig. 1.10), it is critical to ensure
an adequate welding quality throughout the entire length of the product. As
the welding conditions are dependent on factors, which vary during the ex-
trusion process (e.g. temperature and thereafter pressure), the product should
be checked at regular intervals. This process would require time intensive and
costly mechanical tests of the extrudate, which are unfeasible in a continuous
mass manufacturing process, like extrusion. Moreover, it is critical to accu-
rately determine the length of the charge weld, in order to remove from the
product the correct length of scrap material. FE-simulations offer the possi-
bility of virtually analyzing the process and the quality of the welds already
during the design process of the die. Therefore, it is possible to predict possible
defects, before the die has been manufactured and tried-out, and to re-design
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the geometry of the die in order to prevent them. Moreover, it is possible to
modify the design of the die in such way that the charge weld elongation is re-
duced. In this way, an important reduction of scrap material can be achieved.
In light of the opportunities offered by FE-simulations as a tool to support the

Figure 1.10: Profile showing partially bonded seam welds and large voids in
the bonding regions.

design process of extrusion dies, it is the purpose of this study:

• to develop and integrate a working algorithm for correctly tracking the
charge weld evolution in the special purpose FE-code PressForm Extrude
(PF-Extrude);

• to develop a working algorithm, integrated in the code of PF-Extrude in
order to efficiently track the position and evaluate quality of the seam
welds;

• to integrate and compare existing quality criteria of the bonding condi-
tion, where strengths and limitations of each shall be analyzed;

• to analyze the mechanism behind the bonding condition during the ex-
trusion process and reproduce it within a laboratory environment;
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• to investigate the possibility of a novel mathematical description of the
bonding condition on the basis of the experimental trials.

1.3 Structure of the study

In Chapter 1, an introduction and the classification of the extrusion process
have been given. Moreover, the most important defects that can occur during
the process have been outlined and the concepts of charge weld and seam weld
have been introduced. Ultimately, the goals of the study have been elaborated.

Chapter 2 presents a state of the art literature research, of both the charge
weld and the seam welds during the extrusion process. The relevant exper-
imental and virtual analysis, that have been conducted within past studies,
have been outlined. Moreover, the most common quality criteria for seam
welds and their analysis have been explained. In order to better describe the
bonding process, the fundamental theoretical backgrounds of the phenomenon
have been described in this chapter. Further, analogies to the description of
damage evolution in bulk metal forming and void closure in forging, have been
analyzed as they present similarities that have been considered in the course
of this study.

Chapter 3 describes the methods and mathematical backgrounds of FEM im-
plemented in PF-Extrude. The methodology that has been followed to sim-
ulate an extrusion process has been illustrated. Further, the experimental
analysis conducted and models used for the description of the material and
tribological behaviour have been described within this section.

Chapter 4 represents the core chapter for the description of the methodol-
ogy that has been implemented in PF-Extrude for a virtual analysis of the
charge weld and of the seam welds. The chapter describes the mathematical
background and methods used in the development of the algorithms. The im-
plementation of the post-processing criteria, shown in the literature research,
have been finally explained.

Chapter 5 shows the charge-weld-analysis conducted on an industrial profile.
Moreover, an analysis of geometrical parameters is described, which reveals
the potential of saving scrap material during the extrusion process due to the
evolution of the charge weld.
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Chapter 6 describes the set-ups, DOEs and results of the experiments con-
ducted to evaluate the bonding condition of AA6060 in the effort to extract
the bonding limits, that can be implemented in the virtual analysis of seam
welds during the FE-simulation of extrusion processes. The different criteria
(from the literature) have been analyzed and compared, showing their poten-
tial and limitation in the evaluation of bonding conditions.

Chapter 7 introduces a novel criterion (TSH, Temperature-Strain-Hydrostatic
pressure) for the evaluation of bonding conditions in extrusion processes: on
the basis of the findings of the laboratory trials, a criterion has been developed
such that the conditions leading to a sound bond could be mathematically de-
scribed. Moreover, the criterion has been evaluated for the laboratory trials
and, further, for the full-scale extrusion trials.

Chapter 8 shows the geometry of an extrusion die, designed to analyze bond-
ing conditions with different configurations and ultimately, form a defect in
the form of a void. The different configurations have been used to extrude the
same profile, which has been both optically investigated, as well as mechani-
cally after the trials. Moreover, each trial has been simulated in PF-Extrude,
evaluated with the seam weld analysis algorithm (SWA algorithm) and the
criteria (Q, K, J and TSH) have been compared with the experimental results.
Finally, a comparison to the literature has been conducted.

Chapter 9 contains a summary of the study and closing remarks.
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2 Extrusion welds: state of the art
literature research

2.1 Charge weld

It is common within the industry to rely on the so called billet-to-billet ex-
trusion process, in order to decrease down-time of the press and therefore,
increase the efficiency of the process (defined as throughput per time). By
means of such process, after a billet has been pressed and the butt sheared, a
second billet is loaded in the press, without exhausting the material inside the
die. Once the pressing process is continued, material from the new billet flows
into the die. As this happens, a section of the profile is pressed which contains
material from the older and the newer billet, due to the complex flow condi-
tions within the die. The material from the two different billets weld together
due to the large deformations and high hydrostatic pressures, but the quality
of the welding surface is always low due to the high contamination (mainly
oxides) contained. This is due to the fact that the welding surface is formed
by the front face of the billet, which has been exposed during the storing and
heating process. Due to this, the profile section containing material from the
two billets (the charge weld) must be detected and removed.
It is an important objective of extruders to reduce the contaminated length,
as it can extend to multiple meters depending on the geometry of the die and
the process conditions, thereby lowering the efficiency of the process.
The lower quality of the contaminated section of the extrudate has been tested
by den Bakker et al. [dBWSK14]. The authors analyzed sections of the contam-
inated extrudate (see Fig. 2.1a) and tested the mechanical properties through
tensile tests: the results at different transitions of the charge weld always
showed lower quality than the homogeneous probes, where an increasing qual-
ity is noticed as the transition to the newer material is completing (see Fig.
2.1b). This is due to the fact that the majority of contamination is in the front
part of the charge weld and dissipates as the process continues.

15



2.1 Charge weld

(a) (b)

Figure 2.1: Extruded specimens at different transitions of the charge weld
and tensile tests results [dBWSK14].

2.1.1 Modeling charge weld in FE-simulations

The analysis of the charge weld evolution during the extrusion process is a
matter of tracking the contact interface between the two billets during the
simulation. In the research of Li et al. [LHJ03] a cylindrical profile has been
simulated by means of DEFORM2D [Sci20], whereby the two billets have been
modeled as two single bodies in contact inside the container. As the simulation
progresses it can be seen that the material of the latter billet flows into the die,
while material of the first billet is still present. Due to the velocity gradient
caused by the frictional forces at the surface of the die, the material in the
core of the billet flows faster than material on the boundary regions, causing
an elongated shape which forms the charge weld (see Fig. 2.2). According to
the authors, even in perfect conditions where no oxides, dust or lubricants are
to be found on the welding interface, good welding quality cannot be achieved
due to the sliding movement between material from the different charges. Fur-
thermore, it has been seen that a void at the interface tip can appear (see
Figure 2.2).
The void formation has been also investigated by Piwnik et al. [Jan14], as
different geometries of the die and friction factors between the two billets have
been simulated also by means of simulations in DEFORM2D. These showed
that high frictional forces between the two billets reduces the sliding movement
of the material at the joining interface, causing in turn a reduction of the size
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2.1 Charge weld

Figure 2.2: Simulation of charge weld evolution in DEFORM2D [LHJ03].

of the void at the tip of the charge weld. The study by Mahmoodkhani et al.
investigated the charge weld formation for a cylindrical profile in DEFORM
as well. In contrast to the previous studies, the researchers developed a 2D
particle tracking algorithm which relies on the calculated results by the FE-
simulation. The developed routine has been programmed in MATLAB as a
post-processing routine. In their work, multiple particles have been positioned
in the simulation, where in reality the two billets come in contact (simulat-
ing the contacting interface itself). By integrating the simulated velocity field
(in a steady-state condition), the particles are allowed to stream in direction
of the die outlet. In order to accurately track the position of the particles,
an integration scheme has been developed, which enables the correction for
numerical problems. Figure 2.3 shows the integration scheme: if from the
stating position A the local velocity vector is used, the particle would land at
point B’, which is off-trajectory. In order to compensate for this error, the
velocity vector ~vM at point M is first retrieved, after an integration of ~vA over
∆t
2 . This is then applied to the particle at the starting position A. With the

velocity vector ~vM , the particle lands at the position B” after an integration
over ∆t, which approximates the real landing position of the particle B more
accurately. With the integrated routine, the authors analyzed the effects of a
tapered pre-chamber, which can help to minimize the DMZ (dead metal zone)
in the die. Therewith, the new material can exhaust the material from the
previous billet faster, leading to a reduction of the charge weld. In order to
compare the regular feeder to the tapered feeder, a quality criterion has been
implemented, which is defined with respect to the clad layer: the profile is
considered to be full once the particles reach a certain minimal distance to
the surface of the profile (namely the clad layer). The findings show that
the tapered feeder exhausts the material from the DMZ much faster than the
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Figure 2.3: Velocity integration scheme integrated by Mahmoodkhani et al.
[MWPP14].

(a) (b)

Figure 2.4: Effects of a tapered feeder (pre-chamber) to the length of the
charge weld [MWPP14].

regular feeder, leading to the desired reduction in charge weld length (see Fig.
2.4).
The effects of geometrical parameters of the die on the elongation of the charge
weld have been analyzed by Hatzenbichler et al. [HB10]. In the study, simu-
lations by means of DEFORM have been conducted and multiple geometrical
and process parameters changed. As noticed by the authors, the elongation of
the charge weld is sensitive to changes of the billet temperature: the hotter the
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initial billet is, the longer will be the charge weld. Also for the pre-chamber
height and diameter, a similar trend has been seen: as these dimensions have
been increased, the charge weld increased in elongation. On the other hand,
ram velocity, friction factor m between pad and billet and bearing length did
not show important effects on the evolution of the charge weld (see Fig. 2.5).
Further efforts in optimizing extrusion dies to minimize the charge weld evo-

Figure 2.5: Analysis of process and geometrical parameters on the length of
the extruded charge weld for the cylindrical extrudate [HB10].
In the graphs, lTW represents the charge weld elongation.

lution have also been carried out for hollow profiles: Chen et al. [CZW14] in-
vestigated the effects of changes in process parameters (billet diameter, punch
velocity, temperature of tools and billet) on the elongation of the charge weld
of a three-hole die extrusion of a pipe profile. It was concluded that a change
in billet diameter and punch velocity causes the highest changes in the elon-
gation of the charge weld, while only limited impact of a temperature change
have been observed.
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Analysis of simulation parameters have been also conducted, in order to ana-
lyze the influences of friction on the development of the charge weld: Reggiani
et al. [RSDT11, RSDT13] compared the results of FE-simulations in Hyper-
Xtrude [Alt20] with different friction models and parameters such that the
charge weld evolution could have been predicted for an AA6060 industrial
profile. Simulations with the Coulomb model (with µ = 0.3), viscoplastic
(m = 0.3), slip velocity friction and sticking conditions have been compared
with experimental data: after introducing a correction factor, due to the ex-
truded profile during the upsetting of the billet, the sticking conditions deliv-
ered results in good agreement with the experiments.

2.2 Seam welds

Seam welds are the unavoidable result of the extrusion of hollow profiles with-
out using a floating mandrel. The most common design of dies for hollow pro-
files is through portholes. As the material of the workpiece is compressed by
the punch, it follows the geometry of the die and divides into multiple streams
(as many as the number of portholes). Further, as the material streams rejoin
in the welding chamber, these come in contact and weld together by means
of a solid state bonding process, as no melting of the material is occurring.
Kim et al. [KLY02] showed the criticality of the welding conditions in seam
welds, as it has a direct impact on the mechanical integrity of the parts in their
application. Observations showed that failure in hollow profiles (in the study,
extruded tubes have been analyzed) occur mostly along the seam welds when
a critical internal pressure is applied. It has been shown, that the die geometry
influences the quality of the welds [dBWSK14], whereby, apart from flow prob-
lems due to surface contamination and formation of gas pockets, the material
flow condition is the fundamental reason for achieving bonding at the contact
region of the material fluxes. In the research, the author tested different die
set-ups on a laboratory scale: a rectangular full profile (15 x 3 mm) has been
extruded by means of a porthole die (see Fig. 2.6), where welding chambers
with length of 15 mm, 10 mm and 2 mm have been used and two different ma-
terials have been tested (AA6082 and AA6060). The extruded results showed
a void in the middle of the profile in the 2 mm welding chamber length config-
uration (see Fig. 2.7). Tensile tests have been manufactured from the profiles
and further SEM (scanning electron microscope) analysis of the fracture zone
of the specimens showed that only partial bonding has been achieved in the 10
mm configuration while full bonding was reached with a 15 mm long chamber.
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FE-simulations have been conducted with the commercial code Compuplast,
where the experimental trials have been virtually reproduced (see Fig. 2.8).

Figure 2.6: Geometry of the die and profile in the den Bakker experiment
[dBWSK14].

Figure 2.7: Results from the AA6060 extruded profiles [dBWSK14]. Top left:
no bridge. Top right: 2 mm welding chamber. Bottom left: 10
mm. Bottom right: 15 mm.

The results showed that a reduction of the length of the welding chamber leads
to a lower pressure magnitude in the area behind the bridge, where the ma-
terial should come in contact. Furthermore, [Ake72] showed that presence of
a gas pocket behind the bridges (in downstream direction) causes an impedi-
ment for the material fluxes to join together in the welding chamber, causing
lower quality welds and, in extreme cases, only partial welding.
The study conducted by Yu et al. [YZC16b] analyzed the effects of the shape
of the bridge (in the study named leg) and length (thereby reducing the weld-
ing chamber length, see Fig. 2.9) on the bonding conditions of the weld in a
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Figure 2.8: Pressure distribution within the die from the FE-analysis
[dBWSK14]. Left: 2 mm welding chamber. Middle: 10 mm.
Right: 15 mm.

full rectangular profile out of AA6063. The extrusion campaigns were com-
pared with simulation results and showed a clear dependence of the welding
chamber length on the bonding quality. Tensile tests have been performed
by manufacturing specimens out of the extruded rectangular profiles: these
showed better ductility with increasing chamber length (see Fig. 2.10). In the
simulations, the study showed that the triaxiality value η = pH/σ̄ generally
decreased within the die, when the material flux was increased and is lower
in the area behind the bridge (in flux direction). Furthermore, the authors
showed the need of extracting the effective welding contact zone, which de-
pending on the geometry of the bridge can vary. Moreover the same authors

(a) Die configuration. (b) Different geometries of bridges.

Figure 2.9: Die set-up used by Yu et al. [YZC16b]. α represents the tip angle
of the leg and h the welding chamber length.

describe in another study [YZZC17] the importance of analyzing the solid state
bonding process during extrusion as it directly influences the microstructure,
the grain boundary and the micro-texture of the bonding area. The same die
set-up has been used to analyze the microstructure of the deforming material
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Figure 2.10: Tensile tests of specimens extruded with different die configu-
rations [YZC16b].

within the die (see Fig. 2.11): through EBSD images, it has been possible to
visualize the evolution of the microstructure during the welding process by
analyzing different regions along the welding path. These showed that, close
to the bonding area, the grains are elongated along the extrusion direction
due to the combined action of shearing and compression. Further, the grains
grow into strip-shaped coarse grains due to grain boundary migration and
finally, fine equiaxed grains are formed, due to continuous dynamic recrystal-
lization and due to geometric dynamic recrystallization (the elongated grains
are pinched and form finer grains). On the other hand, moving away from
the welding path, the irregular shaped coarser grains develop into fine grains
due to continuous dynamic recrystallization. Moreover, by machining tensile
specimens along the welding path, it was shown that the decrease of grain size
in the welding zone contributes to increase the strength and fracture strain
(see Fig. 2.12). These have been compared to the T0 specimen, which was
manufactured from the homogenized billet. On the other hand, the existence
of strip-shaped coarse grains resulted in a poor weld quality. The same au-
thors, in the study [YZ17], showed that along the welding path micro-voids
and macro-defects might occur due to non complete bonding conditions. As
this is true, it is explained that longer welding chambers minimize the occur-
rence of voids, although this cannot be elongated arbitrarily: as the welding
chamber is elongated, the stresses on the bridge are higher and can cause a die
failure during the process. In the same study, it is also stated that no oxides

23



2.2 Seam welds

Figure 2.11: EBSD analysis of different welding regions [YZZC17].

Figure 2.12: Tensile tests at different welding regions [YZZC17].

on the welding interface have been noticed along the welding path.
In the study of Yu et al. [YZC16a] tensile tests of rectangular full profiles with
a seam weld have been conducted, whereby the fracture plane of the speci-
mens have been analyzed (see Fig. 2.13). The results showed that specimens
that achieved sufficient bonding conditions display large and elongated dim-
ples, while in contrast, those showing poor welding conditions show small and
shallow dimples. Den Bakker et al. [dBWSK14] state that the size and depth
of the dimples on the fracture plane is an indicator of the degree of atomic
bonding on the welding interface.
The study of Liu et al. [LLF+10] showed similar results to the previous ones
also with AA6061: the stress triaxiality η and the welding path are the main
drivers of the bonding process. In the same way, it has been described that
longer welding chambers lead to better bonding conditions.
In the research of Donati and Tomesani [DT05], geometrical parameters of a
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Figure 2.13: Fracture plane of tensile specimens [YZC16a]: welding chamber
depth (a) 5 mm, (b) 15 mm, (c) 25 mm, (d) 35 mm.

porthole extrusion die for a full AA6082 H-shaped profile have been investi-
gated by means of extrusion trials: different geometry of feeders (portholes),
bridges (legs) have been combined to extrude the same profile. The extrusion
try-outs with different combinations of geometries (for the portholes and the
welding chamber) showed that similar results, in respect to the weld strength,
can be achieved through the different combinations. As this is true, it has also
been shown that longer chambers improved deformability at fracture of the
extrudate.
In order to effectively monitor the bonding status of these regions, numerical
methods must be implemented in FE-simulations. These must be designed to
accurately predict the position of the seam welds in the geometry of the profile
and furthermore evaluate the bonding condition.

2.2.1 Modeling quality of seam welds in FE-simulations

Within literature, several efforts have been made to describe the welding condi-
tion of seam welds in FE-simulations: Akeret described that a minimal pressure
is required for achieving successful bonding in the welding chamber, which is at
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least three times higher than the yield stress of the extruded material [Ake72],

Pm = max(pi) > cost. (2.1)

In their studies, Bariani et al. [BBG06] observed that complete bonding con-
ditions can be achieved when an increase of stress triaxiality along the welding
path is achieved.
Further, in literature, criteria have been developed as incremental variables,
which accumulate due to specific process or geometrical parameters, like the
Q-criterion, developed by Plata and Piwnik [PP00]. The criterion described
the welding condition as the time integration of the triaxiality value (defined
as the ratio between hydrostatic pressure pH and effective stress σ̄) between
the first contact and the outlet of the die (Eq. 2.2).

Q =

∫
η · dt =

∫
pH
σ̄
· dt. (2.2)

Therefore, the higher the triaxiality and the higher the contact time between
the material fluxes, the better should be the bonding condition of the seam
weld.
The research of Donati et al. [DT04] showed that material can have very high
residence times inside the die, due to the formation of dead metal zones at the
contact surfaces between tools and aluminium. Due to this effect, the quality
integration of the Q-criterion would lead to fictive high values due to the
high residence times. For this reason, the researchers proposed an alternative
criterion, which describes the welding condition as the path integration of the
triaxiality value (K-criterion, Eq. 2.3): through the change of the integration
variable (from time to path), only the actual path described by the material
streams in contact will be considered. In contrast to the Q-criterion, in the K-
criterion, the integration variable time is multiplied by the velocity, meaning
that the higher the triaxiality value and the longer the contact path is, the
better should be the bonding result.

K =

∫
η · v · dt =

∫
pH
σ̄
· dl. (2.3)

In the study, the researchers simulated the Valberg experiment [Val02] by
means of the FE-software DEFORM 3D. An H-shaped full profile has been
extruded by means of a die equipped with a bridge, such that two material
streams shall join in the welding chamber during the process. Moreover, the
die has been designed in a modular way (see Fig. 2.14), such that different
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Figure 2.14: Geometry of the die and profile in the Valberg experiment
[DT04].

configurations for bridge width, shape of the bridge tip and length of welding
chamber could be tested. According to the study, the K-criterion was in good
accordance to the Valberg experiments and it has been found that successful
bonding conditions can be achieved by either high pressures and short lengths
of the welding chamber or by low pressures but long lengths of the chamber.
Moreover, it has been shown that the criterion describes lower values for higher
punch speeds, that increases the material velocity within the die. In the same
manner, the study shows a good accordance with the results due to a change
in the tip shape of the bridge, whereby better weld quality is achieved by the
tip with a 45◦ angle in comparison to the one with a 90◦ angle.
The research conducted by Yu et al. [YZC16a] led to the formulation of
an alternative quality formulation of the seam welds: the study explains that
sound bond formations are closely related to the amount of plastic deformation
and the atomic diffusion. Thereby, the most important parameters to consider
during the void closure process are: temperature, stress state, strain, strain
rate, time and material. Temperature is an essential parameter to consider,
as it does not only affect the yield stress during the deformation but also
the atomic diffusion process. In a similar way, the stress state controls the
plastic deformation, and the stress gradient also influences the atomic diffusion.
Strain and strain rate play a major role as they are responsible for breaking
the contaminants and lead the virgin material to contact. At the same time,
they adjust the dislocation density around voids, which in turn, influences the
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degree of atomic diffusion. Time controls the amount of plastic deformation
achieved and atomic diffusion. Furthermore, the physical properties and the
surface condition of the material have to be considered during the bonding
process. These considerations led to the formulation of the J-criterion:

J =

∫ t

0

k0
σm
σ̄

˙̄ε exp

(
RT

QD

)
dt, (2.4)

where k0 represents a surface roughness correction factor (in the considered
study set to k0 = 1), introduced to scale down the quality criteria in case a
gas pocket forms at the tip of the bridge, causing oxidation on the contact-
ing surfaces of the bonding interface. QD = 1.42× 105J mol−1 represents the
activation energy for self-diffusion for aluminium atoms within a temperature
range of 450− 650◦C.
The authors considered the same tools for a rectangular AA6063 profile pre-

viously showed in Fig. 2.9 for validation trials. Moreover, simulations with the
FE-code DEFORM-3D based on a lagrangian approach have been executed
and compared to the experiments: three different die configurations have been
tested with three different welding chamber lengths: h = 15, 25, 35 mm. The
results of the Q-, K- and J-criteria have been compared (see Fig. 2.15b) for
five different points along the welding line, as showed in 2.15a. The results
showed a good accordance of the J-criterion in comparison to the experimental
results and shows that for bonding conditions to be achieved a minimal value
J = 9.65 is required for this particular alloy.
One of the critical points in the integration of these criteria is the evaluation
methodology: as long as the geometry of the extruded profile represents a
symmetrical simple profile, the welding interface is easily retrievable manu-
ally and post-processing methods can be applied, whereby the results of the
simulations are used in a separate software in order to be evaluated. When
the shape of the profile is more complex (e.g. includes many seam welds), the
latter methods are harder to be implemented. In the literature, the research
of Schwane et al. [SKR+12] explained a possible evaluation method integrable
in FE-codes. In the study, the position of the seam welds in the profile sec-
tion is determined through a particle-tracing method. Further, points can be
manually placed at the die outlet (at the section of the last contact point of
the bearing). These are made to flow in reverse direction (upstream) follow-
ing the opposite velocity field calculated by the simulation. The particles can
evaluate the welding conditions as they follow the material flow upstream, up
to the point where in reality, the material streams from the portholes join in
the welding chamber. This point has been determined manually in the study
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(a) Position of evaluation of bonding condition for three different
lengths of welding chambers: h = 15, 25, 35 mm.

(b) Evaluation of Q-,K-,J-criterion for the five different evaluation points.

Figure 2.15: Experimental and simulation results of the Q-,K-,J- crite-
ria evaluated at five different points along the welding line
[YZC16a].

as the symmetrical configuration of the profile and die can allow it (see Fig.
2.16).
Kloppenborg et al. [KBT09] integrated a particle-tracking routine in order to
predict the position of the welds in the profile. This has been programmed
in java code and used in combination with the FE-software HyperXtrude. In
the algorithm, particles are positioned only at the portholes inlet close to the
surface of the die, as only the material from these regions are responsible for
the formation of the seam welds in the extrusion of hollow profiles (see Fig.
2.17a). In order to locate the particles in the unstructured mesh of the FE-
simulation, a method is implemented that checks if a normal to the facet of
the tetrahedron points to the position of the particle. In connection with a
second order Runge-Kutta integration scheme for the velocities, the positions
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(a) Scheme for evaluation of seam
welds.

(b) Position of particles for quality
evaluation.

Figure 2.16: Evaluation routine of quality of seam welds through particles
[SKR+12].

of the particles can be tracked through the mesh following the simulated ve-
locity field. At their landing position, the new velocity vector can be retrieved
by evaluating the barycentric coordinates of the particle and interpolating the
velocity vectors from the vertices of the enclosing tetrahedron. Further, as the
particles reach the outlet of the die, a segmentation algorithm is initiated, that
recognizes if a particle is lying in a seam weld or not.

(a) Geometry of profile and starting position of the particles.

(b) Segmentation and cubic splines approximation of the particles.

Figure 2.17: Algorithm for prediction of position of seam welds [KBT09].
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Ultimately, the coordinates of the remaining particles are used to describe the
seam welds by means of cubic splines, thereby obtaining a good approximation
of the position of the welds in the profile (see Fig. 2.17b).

2.3 Fundamentals of solid state bonding

As shown in the previous chapter, quality criteria have been implemented
in FE-simulations of extrusion processes which macroscopically describe the
bonding condition of seam welds. For a complete understanding, it is impor-
tant to analyze the aetiology of the bonding process.
In the study of Yu et al. [YZC16a], the phenomenology leading to a sound
bond at the seam welds of the profile is described: as the material streams
through the portholes and re-join in the welding chamber at the contact inter-
face where the seam welds are formed, the contacting surfaces are irregular.
These come in contact and form macro voids. It is essential for the joining
process to close these voids and let the surfaces contact completely at a micro
level. According to Cooper et al. [CA14], a joint is formed when close contact
(in the range of 10 atomic spacings) is achieved and inter-atomic attractive
forces form a bond. According to the authors, the main mechanism driving
solid-state bonding in the formation of extrusion welds is void closure behavior:
the research of Nakasaki et al. [NTU06] focused on void closing mechanism for
rolling processes whereby it has been shown that the stress triaxiality (defined
as the ratio between mean normal stress and effective stress σm

σ̄ ) in the area
around a void is the dominant factor for void closure behavior:

Gm =

∫ εeq

0

(σm
σ̄

)
dε̄, (2.5)

where ε̄ represents the effective strain.
Kazarov [Kaz85] describes the mechanism underlying the bond formation in
pressure welding, where this refers to the process of joining similar or dissimilar
materials together by applying a sufficient pressure in order to reach a required
plastic deformation, below melting temperature (i.e. solid state bonding). Ac-
cording to literature many hypotheses exist when it comes to understanding
the solid state bonding phenomenon: the film hypothesis (from Ainbinder et
al.) explains that all metals or alloys can bond together given clean surfaces
are in contact at an inter-atomic level. This can happen only without the
presence of oxide films. If such film exists, and is in a hard and brittle state, a
plastic deformation is required in order to break it and bring clean surfaces to
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contact. It is also stated that in certain patterns of deformation, oxide layers
influence the bonding process only marginally. The recrystallization hypothesis
explains that the joining process is caused by atoms in the lattices that migrate
to other sites due to the applied deformation (therefore, the strain hardening)
and the high temperatures at the bonding interface. Owing to these, grains
common to both joining pieces result in a sound bond. This hypothesis fails to
explain why sound bonds can be created also at low temperatures. The energy
hypothesis states that for diffusion bonding to be successful the contacting
interface must achieve a certain energy threshold. In such way, metallic bonds
are created and the interface disappears. The problem with this hypothesis
is that: if the threshold is reached a sound bond should always be achieved,
leaving no possibility for different bonding qualities. The dislocation hypothesis
(by Friedel, Astrov et al.) describes that the plastic deformation causes dislo-
cations to migrate to the surface, such that oxide layers are broken, producing
steps at a inter-atomic level. Further, the electron hypothesis (by Samsonov
et al.) affirms that surface seizure is achieved due to the formation of stable
electron configurations involving atoms of metals in contact. In the diffusion
hypothesis, sound bonds rely on the inter-diffusion of atoms in the core of the
material. On the surface of the material, atoms have unfilled bonds, which
capture atoms brought close to them within the range of inter-atomic forces.
Summarizing the hypotheses, the bonding process can be reduced to the fol-
lowing critical steps: the metals or alloys to be joined must be brought in
contact; if an oxide layer exists, this must be broken up (through deforma-
tion); further by the deformation, the surfaces are activated and volumetric
diffusion can take place.
It is agreed that diffusion welding is the creation of metallic bonds that form
between the joining surfaces.

2.3.1 Diffusion in materials

In [Kaz85], the different methods of diffusion mechanisms that can occur in a
metal lattice are described (see Fig. 2.18):

1. Exchange of places between two adjacent atoms, where large amount of
energy is required as each atom is moving by two atomic diameters.

2. Motion of interstitial atoms, which can occur if the interstitial atom is
smaller than the surrounding atoms.

3. Motion of vacancies can occur when vacancies migrate in the lattice.
The motion of vacancies is opposite to the movement of an atom.
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2.3 Fundamentals of solid state bonding

(a) Exchange of ad-
jacent atoms.

(b) Motion of inter-
stitial atoms.

(c) Motion of va-
cancies.

(d) Circular mo-
tion.

Figure 2.18: Possible ways how atoms move in metal lattice.

4. Circular exchange of four atoms occurs when four atoms at the time
exchange their positions in a circular motion.

In the publication of Kazarov, it is described that metals prefer the vacancy
diffusion mechanism, whereby the probability at which an atom migrates is
given by the concentration of vacancies:

Cv = C exp

(
−Qf
RT

)
. (2.6)

Thereby, Qf is the activation energy required for vacancy formation, C is a
constant, R = 8.314 kJ mol−1 represents the universal gas constant and T is
the temperature in K. It is important to notice that diffusion happens also
along dislocations and grain boundaries and that the energy required for the
migration of atoms on the surface has been noticed to be lower than in the
core.
The quantity of diffused material is given by Fick’s first law, which states that
the quantity of diffusing material is proportional to the concentration gradient
and scales with a diffusivity constant:

q = −D dc

dx
. (2.7)

The second law describing the diffusion process is Fick’s second law which
describes the changes of concentration over time:

∂c

∂t
= D

(
∂2c

∂x2

)
, (2.8)

where:

D = D0 exp

(
− Q

RT

)
, (2.9)
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2.4 Experimental bonding analysis of aluminium alloys in extrusion processes

with D0 as a constant, Q being the activation energy, R the universal gas
constant and T the temperature in K. According to Kazarov the following
rule for the activation energy is true: the energy activation is maximal for
diffusion in the bulk material, secondly large is the energy required for a sound
bond formation and the one with the least energy requirement is the energy
for diffusion on surfaces:

Qbulk > Qbond > Qsurface. (2.10)

2.4 Experimental bonding analysis of aluminium
alloys in extrusion processes

Efforts have been made in order to reproduce the bonding processes during the
extrusion process in a laboratory environment, such that the insights gained
could be used for FE-simulations of hollow profiles. The research of Ceretti
et al. [CFGG09] focused on reproducing the bonding process by means of flat
hot rolling experiments: therefore, AA6061 blanks with an initial thickness
of 10 mm have been rolled together in a sandwich configuration composed
by two layers. The specimens have been rolled at different rolling ratios at
various temperatures (see Fig. 2.19). Further, the bonded specimens have
been sectioned and the bonding condition has been analyzed by observing the
micro-structure and by testing the micro-hardness at the welding interface.
At the same time, FE-models of the same laboratory set-up have been simu-
lated with an integrated subroutine, which evaluates the Q-criterion by Plata
and Pivnik Q =

∫
η dt. In a latter step, the laboratory experiments showing

bonding conditions have been compared with the simulations and the result-
ing Q-value extracted. The research showed a fundamental dependency of the
welding condition to the execution temperature of the trial (see Fig. 2.20).
The results led to the formulation of the following welding criterion based on
the Q-criterion:

wlim = 4.9063 · e−0.0017T for T ≥ 320◦C, (2.11)

where the welding limit wlim represents the required Q-value for achieving
minimal bonding conditions. Ultimately, the calculated weld limit curve for
the Q-criterion has been implemented in simulations of extrusion processes in
DEFORM3D.
Edwards et al. [EdBZK09] designed an experiment which compresses two cylin-
drical specimens end-to-end without constraints and in vacuum. Thereby, dif-
ferent parameters as strain rate, strain and temperature could be individually
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2.4 Experimental bonding analysis of aluminium alloys in extrusion processes

Figure 2.19: Welding interface at different temperatures for a rolling ratio of
44.4% [CFGG09].

Figure 2.20: Q-values (wlim) for bonding conditions of AA6061 flat hot rolled
specimens [CFGG09].

and arbitrarily set. The results have been evaluated and classified after a
surface stretching parameter, which defines the intensity at which the contact-
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2.4 Experimental bonding analysis of aluminium alloys in extrusion processes

ing interface (between the two specimens) stretches during the deformation
process:

ω =
(D0 + ∆D)2

D2
0

− 1, (2.12)

with D0 being the initial diameter of the specimen and ∆D the increase of
diameter due to barreling in the deformation zone. The research showed that,
alongside to the contact time, this is the most important parameter for the
formation of sound bonds. With this set-up three different alloys have been
tested: AA6082, AA7020, AA6060. No big differences in bonding behaviour
between the alloys have been found; according to the authors, only AA6060
has a high dependency on temperature.

Figure 2.21: Specimen after hot compression test [EdBZK09]

(a) Variable punch strokes
D at T = 440◦C and
punch velocity v =
0.4 mm s−1.

(b) Variable punch veloc-
ities v at T = 480◦C
and punch stroke D =
24 mm.

(c) Variable temperatures
T at punch stroke D =
24 mm and punch ve-
locity v = 0.8 mm s−1.

Figure 2.22: Force/stroke diagram of tensile tests of bonded specimens
[BFZ17].

The same set-up has been used to analyze bonding conditions of seam welds
in the extrusion of micro channel tubes: Tang et al. [TZLP14] examined the
welding behavior of AA3003 by compressing specimens at different velocities
and up to specific strains. The specimens have been sectioned and the inter-
face analyzed. From the experimental results, a critical value of the pressure
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2.5 Analogy to damage evolution in bulk metal forming

could have been deducted, above which the welding interface showed clear
signs of bonding conditions and thereafter, no weld line could be distinguished
anymore.
The study of Bai et al. [BFZ17] also used hot compression tests to analyze
the bonding conditions of AA6082. The main difference between this experi-
mental set-up and the latter lies in the fact that these hot compression tests
have been executed within a cylindrical container, which means it is therefore
possible to reach higher magnitudes of the hydrostatic pressure. The followed
DOE also analyzed the effects of strain rate, strain and temperature as by the
previous research. The bonded specimens have been then machined to have a
uniform diameter along the entire specimen in order to be mechanically tested
through tensile tests. The results indicated that the longer the punch stroke
D is (therefore the higher will be the accumulated strain), the better the spec-
imens bonded (see Fig. 2.22a). Moreover, it has been noticed that the higher
the temperature T , the specimens showed increasing bonding quality, as ten-
sile tests have been observed where fracture occurred outside of the welding
interface (see Fig. 2.22c).

2.5 Analogy to damage evolution in bulk metal
forming

In contrast to bonding criteria, where materials are brought in contact in order
to achieve a sound welding condition, damage evolution in bulk metal forming
analyzes the development of cracks which lead to fractures of the material.
Although the two phenomenon appear to be completely different, they show
similarities in the description of the process: in fracture modeling, the stress
triaxiality

η =
pH
σ̄

(2.13)

represent an important indicator to describe the amount of pressure or tension
the material is subjected to. In the research of Bao and Wierzbicki [BW04], 11
different specimen shapes have been considered in order to analyze when frac-
ture occurs under different stress triaxiality conditions (see Fig. 2.23). Through
these experiments it has been possible to record the fracture strain εf at var-
ious stress triaxiality values as shown in Fig. 2.24.
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2.5 Analogy to damage evolution in bulk metal forming

Figure 2.23: Specimens for fracture limits evaluation [BW04].

Figure 2.24: Fracture limits of AA2024-T351 [BW04].
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2.5 Analogy to damage evolution in bulk metal forming

Of great importance in analyzing the strain fracture limits, is the Lode param-
eter. Malvern [Mal69] defined the parameter as the normalized third deviatoric
stress invariant ξ:

ξ =
27 · I3(s)

2σ̄3
=

27

2

(σ1 − pH)(σ2 − pH)(σ3 − pH)

σ̄3
, (2.14)

whereby −1 ≤ ξ ≤ 1.
The Lode angle can be calculated from ξ, leading to:

ϑ =
1

3
arccos (ξ), (2.15)

which is in the range 0 ≤ ϑ ≤ π/3. In order to simplify the parameter, the
normalized Lode angle has been introduced, which ranges between−1 ≤ ϑ̄ ≤ 1:

ϑ̄ = 1− 2

π
arccos(ξ) = 1− 6

π
ϑ. (2.16)

Often, to minimize the computations required to calculate the lode angle, the
Lode parameter is used as described by Lode [Lod26]:

L = −ϑ̄ = 2 · σ2 − σ3

σ1 − σ3
− 1. (2.17)

Figure 2.25: Triaxiality diagram [BW08].

Wierzbicki et al. [WBLB05, BW08] introduced the Lode parameter in the
fracture model, achieving a 3-dimensional surface, which is symmetric in re-
spect to ξ = 0 (see Fig. 2.25). As it is possible to notice, for low values of
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2.6 Analogy to void closure in forging

the stress triaxiality, the dependency to the Lode parameter increases: for low
triaxialities, fracture is reached earlier for ξ = 0 than for |ξ| > 0.
Komischke et al. [KHD+18] compared three different models (Johnson-Cook,
Mohr-Coulomb and Hosford-Coulomb) of fracture surfaces showing their dif-
ferences (see Fig. 2.26), especially in the range of low triaxialities and small
Lode angle parameters (extrapolated region). It is therefore possible to ob-

Figure 2.26: Comparison of different fracture surfaces [KHD+18].

serve, the importance of considering the Lode parameter for low values of stress
triaxialities when describing the fracture surface. Similarly, it will be shown
in this study how the importance of the Lode parameter can also be observed
in bonding processes.

2.6 Analogy to void closure in forging

The investigation of void closure is an important topic also in the forging in-
dustry, where internal voids, inside ingots, represent a defect and must be
eliminated. This process is similar to the bonding occurring during the extru-
sion of aluminium, where material from different streams are brought at first
in contact and further shall bond together while the profile is extruded.
During the forging process of steel, voids can be formed due to material shrink-
ing or gas entrapment [SKLM80]. In the research of Park et al. [PY96, PY97b],
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2.6 Analogy to void closure in forging

it is stated the void closure process to require two critical steps: the first one
causes the voids to shrink and therefore, reduce in volume until they disap-
pear due to compressive deformation; the second causes the metallic bonds
to form between the two contacting surfaces. Furthermore, FE-analysis have
been conducted to achieve optimal parameters of the die during large-ingots
hot forging: these showed that the crucial parameters to be considered have
been the amount of reduction (height reduction of the ingot), the pre-cooling
time, as well as the die shape (especially the width ratio of the die).
Studies on void closure analyzed the effect of plastic deformation during the
void closure mechanism: Kahlow et al. [KA74] describe how voids close due to
compression and open due to tension; further, they describe that void closure
can be achieved at low pressures, if a plastic deformation is occurring at the
location of the void.
Chen et al. [CLCY14] developed a criterion for void closure in forging of steel
ingots, whereby they formulate a dependency from the amount of plastic de-
formation the material experiences at the location of the voids.
In [PY97a], the same authors explain that the FE-analysis of void closure
processes must go beyond the simple volume shrinking and consider also the
bonding effects between the contacting surfaces.
The study of Tanaka et al. [TOTI87] (similarly to [NTU06]) proposed a weld-
ing criterion similar to the Q-value of Plata and Piwnik: differently to the
latter, it is described that the void closure process is dependent on the defor-
mation history experienced by the material (εeq) and on the stress triaxiality
at the location of the void:

QTanaka =

∫ εeq

0

η dεeq. (2.18)

Saby et al. [SBB14, SBB15a] focused their studies in the development of a
void closure model, which takes into consideration the orientation and shape
of the void, the Cicaporo model:

∆V

V0
= [B + 2 ∗ Cε̄] ·∆ε̄, (2.19)

with

B =

3∑
i=1

2∑
j=0

1∑
k=0

bjk(Tx)k(γi)
jpi (2.20)
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and

C =

3∑
i=1

2∑
j=0

1∑
k=0

cjk(Tx)k(γi)
jpi. (2.21)

Whereby, Tx represents the stress triaxiality and the constants bjk and cjk

Figure 2.27: Shape and orientation of void [SBB14].

resulted from multiple RVE simulations [SBB15b]. γi represent geometrical
parameters and can be calculated from the dimensions r1 , r2 and r3 of the
void (see Fig. 2.27):

γi =
(V0)1/3

ri
, i = 1, 2, 3; (2.22)

the orientation parameters pi can be retrieved from the principal deformation
directions ~ei:

pi = (~ui · ~ei)2, i = 1, 2, 3, (2.23)

where p1 +p2 +p3 = 1. Further studies focused their attention on the influence
of the lode parameter for void closure phenomena: the study of Chbihi et al.
[CBBP17] states that large negative values of the stress triaxiality and ax-
isymmetric loading conditions (L = 1) are favorable for reaching void closure.
Thereby, Chbihi et al. developed the Cicaporo2 model, which accounts for the
effects of the lode parameter µ = 2σ2−σ1−σ3

σ1−σ3
:

V

V0
= 1 + (A0 +A1Tx +A2µ+A3S)ε+ (A4 +A5T

2
x +A6µ

2 +A7Sc)ε
2, (2.24)

where: S =
∑3
i=1 γipi and Sc =

∑
i=1(γipi)

2. Ai represent fitting parameters,
γi shape factors and pi orientation factors.
The importance of accurately describing the stress condition, by considering
the lode parameter, in describing the void closure mechanism has also been
confirmed by Liebsch et al. [LH18], where analysis of hot rolling processes
have been conducted and the stress conditions investigated.

42



2.6 Analogy to void closure in forging

Summary of chapter

In this chapter, a state-of-the-art literature review of the charge weld and
seam welds have been conducted. Regarding the charge weld, the methods,
found in literature, that have been applied to track the billet interface have
been described. Moreover, studies showing potential solutions to control the
elongation of the charge weld have been explained. The literature review
about the seam welds included: experimental analysis on extrudates, showing
the risks of lower quality welds; welding criteria to investigate the bonding
condition through FE-simulations; laboratory set-ups to analyze the welding
conditions of specific aluminium alloys. Moreover analogies to damage evolu-
tion in bulk metal forming and void closure in forging have been explained,
as these show common aspects to the description of the bonding phenomenon
during extrusion processes.
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3 Virtual methods for extrusion
processes

In this chapter, the FE-formulation integrated in the FE-code PF-Extrude
is going to be explained. PF-Extrude is based on the Arbitrary Lagrangian
Eulerian (ALE) formulation: simulations of extrusion processes rely on a fixed
generated mesh, which does not change over time and as the profile is being
extruded, new elements are generated in the pressing direction. As this is true,
only the eulerian mesh has been used for the purposes of this study, especially,
as the head of the profile is not the object of the investigation.
In order to understand the fundamentals of the formulation, it is important to
explain some basic concepts of continuum mechanics. The notions described
in the following are extracted from [BLM01] and [Ton95]. Further expansion
on FEM can be found in [Bat96] and [ZTZ13].

3.1 Nonlinear continuum mechanics

Figure 3.1: Body motion description showing reference and deformed config-
uration.
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3.1 Nonlinear continuum mechanics

In continuum mechanics, a body is modeled as a sum of particles that have
corresponding physical properties. These particles form the continuum and can
be mapped in space and time through a function F (X, t). Given a particle of
a body in the reference configuration and the same particle in the deformed
configuration, the displacement u(X, t) is defined as the difference between
the two positions:

u(X, t) = x(X, t)−X(t = 0). (3.1)

From the latter equation, the velocity field can be derived, being the velocity
defined as the derivative in time of the displacement:

v(X, t) = u̇ =
∂u(X, t)

∂t
, (3.2)

and the acceleration, calculated as the derivative of velocity with respect to
the time:

a(X, t) = ü =
∂v̇

∂t
=
∂2u(X, t)

∂t2
. (3.3)

The acceleration can be calculated through material derivative of the velocity,
in case this is given at the configuration at time t:

a(x, t) =
Dv

Dt
=
∂v(x, t)

∂t
+
∂v(x, t)

∂x

x(X, t)

∂t
=
∂v(x, t)

∂t
+ v · ∇v (3.4)

3.1.1 Strain and stress tensors

The deformation gradient can be calculated from Equation 3.1:

F(X, t) =
∂x

∂X
. (3.5)

With the latter equation, it is possible to map the transformation from the
reference to the deformed configuration. Being dX an infinitesimal line on
the reference configuration and dx the same line after the deformation in the
actual configuration, the link between the two can be established through:

dx = FdX. (3.6)

At this point, it is important to quantify the strains which have accumulated in
the material due to the deformation from the reference to the actual configura-
tion. Due to the deformation, the points of the body have been both translated
as well as rotated, but only the actual stretches cause strains in the material.
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3.2 The finite element method

For this reason a strain measurement must be defined, which inhibits the ro-
tational terms, leaving only the actual strains. The Green–Lagrange strain
tensor EG, defined as:

E =
1

2
(FTF− I). (3.7)

From the deformation tensor F, the velocity gradient tensor L can be calcu-
lated and ultimately, the rate of deformation tensor D:

L = ḞF−1, (3.8)

D =
1

2
(L + LT ), (3.9)

and in terms of the Green–Lagrange strain tensor, the deformation tensor
assumes the following form:

D = F−T ĖF−1. (3.10)

Different methods exist to calculate the stresses. The Cauchy stress σ is
defined as unit force per unit area. Alternatively, the second Piola–Kirchhoff
stress tensor S can be used. The mathematical relationship between σ and S
is given as [BLM01]:

σ = J−1F · S · FT (3.11)

3.2 The finite element method

When an isolated system is analyzed, some properties do not change over time.
These are briefly described in the following chapters.

3.2.1 Conservation laws and governing equations

First of all, an essential equation in continuum mechanics is the conservation
of mass, which states that no mass is loss or gained within the system if no
interactions with other domains occur (e.g. exchange of material) [BLM01]:

Dρ

Dt
= −ρdivv. (3.12)

The second conservation law is the conservation of momentum, which states
that the material derivative of momentum equals to the sum of body and
surface forces:

ρ
Dv

Dt
= divσ + ρb, (3.13)
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3.3 FE-formulation in PressForm Extrude

whereby the acceleration term and the body forces can be neglected in forming
processes, leaving:

divσ = 0. (3.14)

Furthermore, the energy must be conserved (first law of thermodynamics):

ρ
Dwint

Dt
= D : σ − divq + ρs, (3.15)

whereby q represent the heat fluxes from and into the system and D the
deformation tensor previously defined.
Neglecting the acceleration and thermal effects, the governing equations are
the following:

• Momentum conservation:

divσ + ρb = 0. (3.16)

• Surface stresses on boundary:

σn = t̄. (3.17)

• Velocity on boundary
v = v̄. (3.18)

3.2.2 Weak formulation description

From the previously described governing equations it is possible to derive the
weak formulation, expressed in terms of virtual work (see [Bat96]):∫

Ω

δεTσ dΩ =

∫
Ω

δuT fB dΩ +

∫
Γ

δuT fΓ dΓ +
∑
i

δuTRi
C (3.19)

This formulation is further used in the following section to derive the element-
formulation implemented in PF-Extrude.

3.3 FE-formulation in PressForm Extrude

3.3.1 Element-formulation

From the weak formulation, the mixed formulation u/p-c implemented in PF-
Extrude can be derived [BMH20]. The left term can be expanded in the
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deviatoric and hydrostatic pressure terms:∫
Ω

δεTσ dΩ =

∫
Ω

δε′T sdΩ−
∫

Ω

δεV p dΩ, (3.20)

leading to:∫
Ω

δε′T s dΩ−
∫

Ω

δεV pdΩ =

∫
Ω

δuT fB dΩ+

∫
Γ

δuT fΓ dΓ+
∑
i

δuTRi
C . (3.21)

In the u/p-c formulation a second equation must be considered, which takes
into account the hydrostatic pressure in relation to the bulk modulus κ. The
two equation to be solved are the following:∫

Ω

δε′T s dΩ−
∫

Ω

δεV p dΩ = δW ext, (3.22)

∫
Ω

( p
κ

+ εV

)
δpdΩ = 0. (3.23)

The system of equation must be solved: these shall now be expressed in FE
terms. Given a tetrahedron with four vertices, ûi and pi with i ∈ {1, 2, 3, 4},
the displacements can be calculated as:

u = Hû, (3.24)

being H the interpolation matrix derived from the shape functions. In a similar
way, also the pressures can be calculated as:

p = Hpp̂, (3.25)

At this point the deviatoric strain ε′ and stresses s must be defined:

ε′︸︷︷︸
deviatoric strain

= ε︸︷︷︸
total strain

− εv · I︸ ︷︷ ︸
volumetric strain

(3.26)

and

s︸︷︷︸
deviatoric stress

= σ︸︷︷︸
total stress

+ p · I︸︷︷︸
hydrostatic stress

1. (3.27)

1Hydrostatic pressure is negative.
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The deviatoric and volumetric strains can be calculated from the displacements
through the operation matrix B:

ε′ = Bd · û (3.28)

and
εv = Bv · û. (3.29)

The deviatoric stresses must be calculated through the material matrix C and
the deviatoric strain:

s = C ε′. (3.30)

By substituting these terms into the principle of virtual work, the following is
obtained: ∫

Ω

δε′T s dΩ︸ ︷︷ ︸
I1

−
∫

Ω

δεvp dΩ︸ ︷︷ ︸
I2

= δwext. (3.31)

The terms on the left side can be expressed at this point as:

I1 =

∫
Ω

δûT BT
d CBd û dΩ (3.32)

and

I2 =

∫
Ω

Bv δû · Hp p̂ dΩ. (3.33)

By substituting into 3.31, the following is found:

δuT
∫

BT
d CBd dΩ û− δuT

∫
BT
v Hp dΩ p̂ = δuT fext. (3.34)

The second Equation 3.23 can also be split into two terms:∫
Ω

p

κ
δp dω︸ ︷︷ ︸
I3

+

∫
Ω

εvδp dΩ︸ ︷︷ ︸
I4

= 0. (3.35)

By substituting into this equation, we obtain:

I3 = δp̂

∫
Ω

HT
p

1

κ
Hp dΩ p̂ (3.36)

and

I4 = δp̂T
∫

Ω

HT
p Bv dΩ û. (3.37)
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By joining all terms together, the two following equations are found:∫
Ω

BT
d CBd dΩ û︸ ︷︷ ︸

Kuu

−
∫

BT
vHp dΩ p̂︸ ︷︷ ︸
Kup

= fext (3.38)

and ∫
Ω

HT
p

1

κ
Hp dΩ p̂︸ ︷︷ ︸

Kpp

+

∫
HT
p Bv dΩ û︸ ︷︷ ︸
Kpu

= 0. (3.39)

This results in the following equations, which constitute the general stiffness
matrix K:

Kuu =

∫
Ω

BT
d CBd dΩ, (3.40)

Kpu = KT
up = −

∫
Ω

BT
v Hp dΩ, (3.41)

Kpp = −
∫

Ω

HT
p

1

κ
Hp dΩ (3.42)

By substituting the previous equations in 3.38 and in 3.39, we obtain the
equation system to be solved:

Kuuû + Kupp̂ = fext, (3.43)

Kpuû + Kppp̂ = 0. (3.44)

By condensing the latter equation into 3.43, the final equation results:

(Kuu − KupK
−1
ppKpu) û = fext. (3.45)

It is important to note that if the material is incompressible (i.e. κ → ∞)
the term Kpp = 0 results in an indefinite linear equation system. Therefore
κ is always chosen to represent a near incompressibility, exactly to avoid this
condition. This leads to unsteady changes of pressures in particular regions
that can be solved by applying the so called inf-sup condition or by applying
smoothing functions (e.g. bubble function).
Ultimately, the equation system to be solved is:[

Kuu Kup

Kpu 0

] [
û
p̂

]
=

[
fext

0

]
(3.46)
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3.3.2 Thermal analysis

In FE-simulation of extrusion processes, temperature has an important role
for a successful analysis of the flowing conditions of the pressed material. The
thermal equation system, in the weak-coupled thermo-mechanical process, can
be derived from the governing equation for heat transfers:

ρcp
∂T

∂t
+

∂

∂x
·
(
λ
∂T

∂x

)
= −qB , (3.47)

whereby ρ represents the density, cp the heat capacity, λ the conductivity and
qB the heat flux. Similarly to the element formulation, the FE-equations for
the transient analysis of the temperatures can be derived from the principle
of virtual temperatures, leading to:∫

Ω

HT ρcpH dΩ ˆ̇T︸ ︷︷ ︸
Time-dependent term

+

∫
Ω

BTλBdΩT̂︸ ︷︷ ︸
Body fluxes

+

∫
Γ

(HS)ThHS dΓT̂︸ ︷︷ ︸
Fluxes across surfaces

= Q, (3.48)

given a heat transfer coefficient h. Further from the latter equation, the equa-
tion system for the thermal solution can be defined:

C ˆ̇T + KthT̂ = Q (3.49)

3.3.3 Rigid-plastic formulation

When considering plastic deformation, two important parameters must be
considered: the equivalent plastic strain increment ∆εpeq and the equivalent
stress σ̄. These are defined as following:

∆εpeq =

√
2

3
∆εpij∆ε

p
ij (3.50)

σ̄ =

√
3

2
σ′ijσ

′
ij (3.51)

Once a certain magnitude of the equivalent stress is reached, plastic deforma-
tion will occur and the material will deform. The plastic deformation limits are
defined by the so-called yield locus, where specifically, in this study, the yield
locus from von Mises has been used. The latter states that plastic deformation
occurs once the following condition is fulfilled:

σ̄ =

√
3

2
σ′ijσ

′
ij = σY , (3.52)
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3.3 FE-formulation in PressForm Extrude

whereby σY is the yield stress of the material to be deformed.
The rigid-plastic formulation implemented in PF-Extrude ignores the elastic
strain, meaning that the calculated strain increments at every time step are
responsible for deforming the material and causes deviatoric stresses:

σ′ij =
2

3

σ̄

∆εeq
∆εij . (3.53)

In general, a second formulation can be found: the elasto-plastic formulation.
This also considers the elastic strains. More precisely, the actual strains regis-
tered in the material are the composition of an elastic part and a plastic part.
As this is true, this formulation has been avoided due to computation intensity
of the procedure due to the return mapping algorithm and the potential slow
convergence. Secondly, in order to have stable simulations, time steps must be
very small; this causes an increase in computational time. Since the simula-
tion of extrusion processes contains complex geometries which require a high
number of elements for the discretization, this formulation would cause long
computation times. A detailed description of the elasto-plastic formulation
can be found in [Ton95].

3.3.4 FE-Procedure

This chapter describes the general work diagram of PF-Extrude, in order to
understand how the FE-solution is calculated. Further detailed information
can be found in [Ton95]. In Figure 3.2 the procedure for the FE-calculation
is described, whereby the core of the FE-code is to solve the non-linear prob-
lem K · ∆u = ∆F . After the meshes of the workpiece and tools are read,
the interpolation matrix H and the operation matrix B must be calculated.
Thereafter, it is possible to proceed with the assembly of the general stiffness
matrix. At this point, the known displacements shall be applied to the u vec-
tor, while the nodes that are in contact with the tools must be searched and
their DOF determined. In the same manner the external forces (e.g. frictional
forces) must be also calculated as they are inserted into the right hand side of
the equation to be solved.
Once all this information is gathered, the equation system must be solved.
This can be achieved through different methods: the direct methods solve
the equation system by means of a Gauss-Jordan algorithm. These methods
usually require a large amount of memory and are slow (depending on the
number of DOFs) due to the difficulty in inverting the stiffness matrix. It-
erative solvers, such as the Symmetric Quasi-Minimum Residual (SymQMR)
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Increment start

Element cal-
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Assembly
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Calculation
of friction

Apply boundary
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Solve eq. system
K · ∆u = ∆F

Update solution

Element cal-
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Solution
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Reduce increment
Direct solver

on CPU

Iterative solver
on CPU/GPU

Mixed solver
on CPU

Recovery

Thermal solution
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ments?

Next incrementno

yes

no

yes
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Figure 3.2: FE-procedure implemented in PF-Extrude
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algorithm [FN95], are more flexible thanks to the low storage space required.
Moreover, these methods are easy to parallelize both on CPU as well as on
GPU (e.g. CUDA [Nc20]). On the other hand, it is possible that the solu-
tion does not always converge or is very slow in the process if the system to
solve is badly conditioned. Other methods rely on both methods, e.g. PAR-
DISO solver [SG02]. Once the solution converged it is possible to update the
strains for each element, transport through convection and to proceed with
the calculation of the thermal solution.

3.4 Geometry preparation and mesh generation

In order to be used in an FE-software, the domain containing the material flow
of the extrusion processes must be discretized by means of an unstructured
grid. Thereby, the CAD geometries of the extrusion die (see Fig. 3.4) must be
simplified such that only the flow-volume is extracted, which represents the
workpiece being pressed. This can be extracted from the negative volume of
the die. For these tasks, the commercial software Siemens NX 10.0 has been
used for both the extraction of the flow volume in the CAD module, as well
as for the meshing operations in the pre-processing module. The surfaces of
the extracted volume are divided in the different regions: container, portholes,
welding chamber, bearing and profile. The latter has been generated by pro-
longing the bearing line and simulates the extruded profile.
Various types of elements could be used for the mesh generation of the ex-
tracted surfaces: between the types of shell elements in the NX Nastran li-
brary [Sie17], it is possible to find both quad and tria elements with different
number of nodes (see Fig. 3.3). In PF-Extrude CTRIA triangular elements

(a) 3 nodes. (b) 6 nodes. (c) 4 nodes. (d) 8 nodes.

Figure 3.3: Types of shell elements in the NX Nastran library [Sie17]

with three nodes have been used (see Fig. 3.5) for all surfaces. In a second
step, the generated surface meshes are used to generate the volumetric mesh of
the enclosed volume by means of CTETRA (4 nodes tetrahedrons) elements.
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3.4 Geometry preparation and mesh generation

A major challenge in simulation of extrusion processes is the generation of an
appropriate mesh. Due to the complexity given by the CAD geometries (e.g.
sharp edges and thin surfaces), a fine mesh is often required for the discretiza-
tion of the deformation zones (portholes, welding chamber and bearing), while
in the remaining sections (container and punch) the mesh can be generated
more coarsely. Depending on the complexity of the tools, the mesh can con-
tain up to millions of elements, which have an impact on the run time of
the simulation. Improvements on the solver and parallelization possibilities
(in particular through the implementation of massive parallelization through
GPUs), such models can be calculated in reasonable time; still it is important
to pay attention on the choice of the mesh size. The volumetric mesh gen-
erated in the shown example (see Fig. 3.5) contains 2’234’918 elements for a
total of 417’073 nodes.

Figure 3.4: CAD data of a die with a portholes set-up.

Figure 3.5: Mesh of flow volume.
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3.5 Material modeling

3.5 Material modeling

3.5.1 Aluminium alloy 6060

The aluminium alloy-6060 is the focus of this study, which is classified under
the aluminium-magnesium-silicon family. It is a common alloy in the extrusion
industry, thanks to its good formability and high strength that can be achieved
after being heat treated. The composition of the alloy can be found in [DINa]:

Nomenclature Chemical nomenclature Si Fe Cu

EN AW-6060 EN AW-AlMgSi 0.30− 0.60 0.10− 0.30 0.10

Mn Mg Cr Ni Zn

0.10 0.35− 0.6 0.05 − 0.15

Ti Ga V Aluminium

0.1 − − Remaining

Table 3.1: DIN norm for AA6060 composition [DINa].

3.5.2 Hardening model

(a) Dilatometer machine
with specimen.

(b) Specimens previous
and after compression.

(c) Isotropic behavior of
specimen.

Figure 3.6: Hot compression tests for material behavior modeling.

For the FE-simulation a material model is required to correctly reproduce the
behavior of the material during the deformation. The experimental data re-
quired to fit the hardening model has been retrieved by means of hot compres-
sion tests with a dilatometer machine “TA Instruments dilatometer 805 A/D”.
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3.5 Material modeling

Therewith, a cylindrical specimen (see Fig. 3.6b) is compressed at different
temperatures and strain rates, while the forces required for the deformation
and the change in length are recorded. The dimension of the used specimens
are: 6 mm diameter and 10 mm length (DOE can be found in Appendix 10.1).
The experimental data retrieved have been further used to calculate the true
strains and stresses:

σ =
F

A
, (3.54) ε = ln

(
l

l0

)
, (3.55)

where F is the punch force, A the actual section of the specimen (ideally cal-
culated through the volume constancy), l the actual length of the specimen
and l0 the initial length of the specimen.
Fig. 3.6a shows the experimental set-up: the aluminium specimen in inserted
between the punch and the counter-punch. After being heated by an induc-
tion coil and held for a certain amount of time to homogenize the temperature
(measured by type S thermocouples on the specimen) throughout the spec-
imen, the punch is moved forward at a certain velocity, depending on the
desired strain-rate. After the compression, the specimens are retrieved and
the isotropic behavior of the material has been checked, as the cylindrical
shape has been preserved during the deformation (see Fig. 3.6c).
The material model by Sellars-Tegart has been used [SM66], which describes
the yield stress as a function of the strain rate and of the temperature:

σy =

(
1

α

)
· asinh

(
1

A
· ε̇ · exp

(
Q

R · T

)) 1
n

. (3.56)

Knowing the temperature, the strain rate and the resulting flow stress during
the deformation (derived by the force of the punch and the geometry of the
specimen), it is possible to fit the parameters of the model α, A, Q and n.
The resulting parameters from the fit can be found in Table 3.2. As it can
be seen from Figure 3.7, good agreement between the model and the AA6060
experimental data has been found.

α [1/Pa] A [1/s] Q [J/mol] n [−]
1.88 · 10−6 26.4558 · 10+9 194127.4 0.11497

Table 3.2: Fitting parameters of the Sellars-Tegart model for the analyzed
AA6060.
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3.5 Material modeling

(a) 3D model. (b) Cuts through 3D model.

Figure 3.7: Sellars-Tegart material hardening model fit on experimental
data.

In literature, it is possible to find different mathematical descriptions to model
the forming behaviour of the material. An alternative is presented by Tong et
al. [TSH05], where the flowing behaviour is described as dependent on strain
rate ε̇, temperature T and strain ε:

σy = A · exp

(
Q

R · T

)
ε̇m · [1− β exp (−Nεn)] , (3.57)

where A, Q, m, β, N , n represent fitting parameters.

3.5.3 Friction modeling

In order to simulate the extrusion process correctly, it is critical to adopt a
friction model that can accurately describe the tribological behavior of the alu-
minium, when it comes into contact with the tools. In literature it is described
that, due to the high hydrostatic pressures exerted inside the tools (including
the container), the aluminium of the workpiece sticks to the surfaces of the
tools [She99, MdRS12]. For this reason, within the portholes, the welding
chamber and the container, sticking conditions have been applied, i.e. all the
DOFs of the nodes in contact with the surfaces of the tools are fixed and the
following condition is employed:

vi∈1,2,3 = 0. (3.58)
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3.5 Material modeling

On the other hand, for the purposes of this study, the T-v-p model by Becker
[BHMM13] has been applied for the bearing region. The T-v-p model describes
the friction shear stress as a function of pressure p, temperature T and relative
velocity v and it follows a Hockett-Sherby description (see Eq. 3.59). In order
to find the parameters n, k and m of the model, tribo-torsion tests have been
carried out on a Baehr STD810 torsion machine: an aluminium specimen
(see Fig. 3.8b) is inserted in a container. A mandrel (made of the tool steel
of the extrusion die) is compressed against the specimen and at the same
time, is rotated at an arbitrary velocity. Furthermore, the set-up is heated
at different temperatures at which the friction conditions have to be retrieved
(in general at the working temperatures of the extrusion die). The dimension

(a) Torsion machine used. (b) Tribo-torsion tools.

Figure 3.8: Set-up of tribo-torsion laboratory experiments.

of the specimen and tools, as well as the DOE can be found in the Appendix
10.2. During the execution of the experiments, the torque at the rotating
punch holding the mandrel is recorded. Finally, the exerting shear stress at
the contact interface between the mandrel and the specimen can be calculated,
given the information on the geometry and the recorded torque.

τ(T, v, p) =

{
τmax − (τmax − τmin)exp

[
−q
(
p

p0

)n]}
·

·
(
v

v0

)k (
T

T0

)m
,

(3.59)

with:

τmax =
σy(T, ε̇ = 1000)√

3
, (3.60) τmin = 0.2 · τmax. (3.61)
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q [−] n [−] k [−] m [−] p0 [MPa] v0 [mm s−1] T0 [◦C]
9.683 1.205 0.005 0.875 100 50 660

Table 3.3: Fitting parameters of T-v-p model for H13 and AA6060.

The retrieved data is used to fit the parameters q, n, k and m of the T-v-p
model. In this study the tool steel used is H13 and, before its application the
extrusion die has been nitrated. For the retrieval of the friction parameters,
these conditions have been reproduced and the tribo-torsion experiments car-
ried out. Table 3.3 shows the evaluated fitting parameters for the combination
H13 and AA6060.

Figure 3.9: ICEB’15 benchmark tool [Bec16], [SDR+15].

Figure 3.10: Results of simulation of ICEB’15 benchmark tool with T-v-p
model [Bec16] with (yellow) and without (black) consideration
of deformation of tools.
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The effectiveness of the model in predicting the tribological behaviour has been
proved by Becker [Bec16]: the experimental trials of a 6-hole die [SDR+15]
with different lengths of the bearing and choke angles have been compared
with simulative results using the T-v-p model in PF-Extrude (see Fig. 3.9).
The results of the simulations with 3D-tools showed a good agreement between
the trials and the simulations, showing the potential of the T-v-p model in the
description of friction during extrusion processes (see Fig. 3.10). Further in-
formation on the tribo-torsion experiment and the T-v-p model can be found
in [BHMM13, HBT+13, BTH15, HGB11].

Summary of chapter

In this chapter the tools to conduct FE-simulations of extrusion processes
have been described. Thereby, a general introduction of FEM leading to the
element-formulation of PF-Extrude has been given. Moreover, the general
FE-procedure followed in PF-Extrude has been described, where the differ-
ent possible solvers (and their benefits) have been showed. Further, the pro-
cedure followed to retrieve the discretized domain (mesh) for the extrusion
FE-simulation has been illustrated. Finally, the procedure to calibrate the
material- and friction-models, used in this thesis, have been explained.
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4 Extrusion welds analysis routine

An algorithm has been developed in order to analyze the charge weld evolution
and the position and quality of the seam welds. The routine is called at the end
of every simulation increment, after the mechanical and the thermal solution
has been calculated. Particles are located in the unstructured grid of the mesh
and tracked along the previously simulated velocity field. With the simulated
process variables (temperature, hydrostatic pressure, effective stress, strain
etc.), it is possible to integrate different quality criteria of the seam welds.

4.1 Overview of implemented algorithm

The following chapter describes the general working principle of the imple-
mented algorithm. The routine can be divided into three main sections (see
Fig. 4.1):

• Initialization: in this section the particles are positioned in the volumet-
ric mesh of the FE-simulation. The initial position of the particles is
decided depending on the type of weld to be simulated (charge or seam).
Further, their position is referenced with the ID of the enclosing tetra-
hedron and their relative position inside the tetrahedron itself must also
be defined. In a last operation, the first velocity vector is calculated. In
this section, the time step of the integration is also determined.

• Particle-tracking: each particle is pushed by one time-step; their new
position calculated and the new enclosing tetrahedron (including the
relative position within) is found.

• Post-processing: depending on the simulated weld, evaluation of post-
processing criteria is executed in the final step at arbitrary evaluation-
time-steps. For the evaluation of the charge weld, it is critical to calcu-
late how long it is, therefore the simulation must show when the profile
section is completely filled by new material. On the other hand, the sim-
ulation of seam welds will evaluate the quality of the bonding condition.
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4.2 Common routines for analysis of both welds

For this reason, quality criteria will be computed at the end of every
integration step of the particle-tracking process.

FE-solution from
last increment

Initialization

Particles-tracking

Post-processing To the next FE-increment

Figure 4.1: Overview of implemented routine in PF-Extrude.

4.2 Common routines for analysis of both welds

4.2.1 Particles creation

Before the particle-tracking algorithm can be started, particles must be created
within the volumetric mesh of the FE-simulation. These are always created on
a plane perpendicular to the extrusion direction and at a certain distance from
the outlet of the die, depending on the weld to be analyzed. For the charge
weld, the particles represent the front face of the new loaded billet inside the
container, therefore the particles are positioned at the die inlet, which faces
the container. For the analysis of the seam welds, the particles represent ma-
terial points of the workpiece, in contact with the die, at an arbitrary location
inside the portholes. For this reason, the particles are positioned at an arbi-
trary position of the portholes, within boundary elements of the mesh. Further
information on the differences between the two routines will be explained in
Section 4.4.
A method had to be implemented to distribute particles evenly, in order to
maximize the area covered. Different distributions have been tested and com-
pared. A random positioning of the particles did not lead to sufficient results,
as particles would leave large voids between them (see Fig. 4.2a). This would
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lead to missing information in the post-processing phase after the particle-
tracking: as the particles represent material points, voids between them rep-
resent zones without material. It is important to position the particles mini-
mizing the distance between them (given a fix amount of particles).
Three different low-discrepancy series have been tested based on different
mathematical sequences. The first one is the quasi-random Sobol-sequence
[BF88], whose objective is to calculate low-discrepancy values x1, x2, ...xi.
Given an arbitrary polynomial of the form:

P ≡ xd + a1 · xd−1 + ...+ ad−1x+ 1, (4.1)

where ai = {0, 1}, it is possible to express the recurrence of the sequence by
computing the following parameters:

vi = aivi−1 ⊕ a2vi−2 ⊕ ...⊕ ad−1vi−d+1 ⊕ vi−d ⊕ [vi−d/2
d]. (4.2)

The first elements of mi (mi = vi · 2i) can be chosen freely, but they must be
odd and mi < 2i; the subsequent values are then calculated by the recurrence.
Being these calculated, it is possible to retrieve the values xi by computing:

xn = b1v1 ⊕ b2v2 + ..., (4.3)

whereby, bi represents the value of n in binary.
The implementation shows that the sampling particles are better distributed,
covering the space more evenly than a simple random distribution (see Fig.
4.2b), but still large voids can be found between the particles.
Further, the Halton-sequence [MC04] has been implemented, which is defined
as follows:

Xn = (φp1
(n), φp1

(n), ..., φps(n), ). (4.4)

In the sequence the values of φp can be found by computing the radical inverse
function:

φp(n) ≡ b0
p

+
b1
p2

+ ...+
bm
pm+1

, (4.5)

where p is an arbitrary prime number. The results showed that the particle are
better evenly distributed on the test-circle (4.2c) than the previous methods.
The fourth method consists in using the Fibonacci sequence in calculating the
position of the particles:

xn =
ϕn − (1− ϕ)n√

5
, (4.6)
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where ϕ = 1+
√

5
2 represents the golden ratio. As it is possible to notice in Fig.

4.2d, this method has been proven to be optimal when trying to distribute
particles, as they are evenly spaced and cover the space uniformly. For these
reasons this method has been preferred over the previous one.

(a) Random distribution. (b) Sobol series.

(c) Halton series (d) Fibonacci series.

Figure 4.2: Different particle-creation sequences.

In detail, the angle at which the particles have to be positioned is calculated
through the series:

ϑ =
2 · π · k
ϕ2

with k = 1, 2, 3...n, (4.7)

and the radius:

r =

√
k − 1

2√
n
2

·R with k = 1, 2, 3...n, (4.8)
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where R is the radius of the container.
Finally, the coordinates of the particles are found by computing:

x = r · cos(ϑ),

y = r · sin(ϑ).
(4.9)

4.2.2 Position of particles in elements

The position of the particles within the elements is referenced by using barycen-
tric coordinates ξi, which determine the location by assigning a weight 0 ≤ ξ ≤
1 of every vertex of the tetrahedron on the particle. In case the particle lies
within the boundaries of the tetrahedron in question, the barycentric coordi-
nates would all be positive. Moreover, the sum of the barycentric coordinates
must be 1: ∑

i

ξi = 1. (4.10)

This means that in case a particle lies exactly on a vertex of the element, only
one coordinate will assume the value 1, while all others have no influence on
the particle and assume a value of 0.

Figure 4.3: Particle in volume element (tetrahedron)

Considering a tetrahedral element (see Fig. 4.3) with vertices Vi(xi, yi, zi) with
i ∈ [1, 4] and a point P (x, y, z), which divides the tetrahedron in four smaller
ones t1, t2, t3 and t4, the four barycentric coordinates can be expressed as:

ξ =
Vti
Vtot

, (4.11)
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where Vti represents the volume of ti, while Vtot the volume of the original
element.
Given the coordinates of the vertices and of the particle, the volume can be
easily retrieved by computing the Jacobian of the respective tetrahedrons:

Vi =

∫
Ω

dΩ =
1

6
·

∣∣∣∣∣∣∣∣
x1 y1 z1 1
x2 y2 z2 1
x3 y3 z3 1
x4 y4 z4 1

∣∣∣∣∣∣∣∣ =
1

6
·Di. (4.12)

If a particle lies inside a specific tetrahedron, all barycentric coordinates must
be positive i.e. all determinants Di must have the same sign:

if sgn(Di) ∀i = {1| − 1} then P ∈ Element. (4.13)

If the latter condition is not fulfilled, the particle does not lie within the
element.
Further, barycentric coordinates are used to interpolate specific values N (e.g.
velocities, temperature etc.) from the nodes i of the element to the particle
positioned at x, y, z:

N(x, y, z) =

4∑
i=1

ξi ·Ni. (4.14)

4.2.3 Position integration of particles

In order to track the particles within the simulated velocity field of the work-
piece during the extrusion process, the position of each must be integrated at
every time-step ∆t:

xinew = xiold
+ vi ·∆t (4.15)

As it is fundamental to retrieve an optimal approximation of the position of
the particles, four different methods have been tested and compared, whereby
the applied velocity vector to the particle at time t is calculated as follows (see
Fig. 4.4):

1. v(t): the velocity vector is interpolated from the nodes of the host ele-
ment and directly applied to the particle;

2.
v(t+∆t)+v(t+ ∆t

2 )

2 : the velocity vector applied to the particle at time t
results from the average between the velocity vector calculated at time
t+ ∆t and at time t+ ∆t

2 ;
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3. v(t + ∆t
2 ): the velocity vector applied to the particle is the velocity

calculated after an integration over ∆t
2 [MWPP14];

4. v(t)+v(t+∆t)
2 : the applied velocity vector is calculated by averaging the

interpolated velocity v(t) and the vector retrieved after integrating at
time t = t+ ∆t.

(a) v(t). (b) v(t+∆t)+v(t+∆t/2)
2

.

(c) v(t+ ∆t/2) (d) v(t)+v(t+∆t)
2

.

Figure 4.4: Tested position integration schemes.

In the implemented code, the evaluation of test velocity vectors in order to
evaluate the velocity to be applied to the particle at time t, is called predic-
tor. The predictor particle is used only to evaluate the velocities at a different
time-step and then used to compute the velocity vector to be applied to the
actual particle.
For testing purposes, three arbitrary velocity fields have been generated and
the position of a single particle is tracked, by means of the four integration
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schemes. A large time-step has been used ∆t = 0.1 in order to better inves-
tigate the differences between the different schemes. In Fig. 4.5 the following
three velocity-fields have been displayed and a particle is let to flow within,
starting from the marked position (9):{

ux = y

uy = 7 · sin(x)

{
ux = −y
uy = x

{
ux = −y
uy = x2

(4.16)

(a) ux = y, uy = 7 · sin(x).

(b) ux = −y, uy = x. (c) ux = −y, uy = x2

Figure 4.5: Different velocity fields for testing.

The deviation of the particle from the actual flow line is inspected in order
to choose the integration-scheme, which can better approximate the real flow-
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path. It is possible to notice that the integrated flow-path of the particle with
the first integration scheme v(t) deviates quickly from the true path, leading to
a wrong flow-line. Also the second integration scheme, which uses the velocity
vector at time t+ ∆t and t+ ∆t/2, leads evidently to wrong results, deviating
too strongly from the actual path. On the other hand, both the third and the
fourth methods are able to properly describe the actual path of the particle,
as the integrated positions match the actual path. The integration scheme
v(t+ ∆t/2) has been implemented within the analysis routine of the welds, as
it delivered reasonable results while requiring less computations.

4.3 Particles tracking algorithm

In this chapter the particle-tracking routine implemented in PF-Extrude for
the weld-analysis is explained. Two fundamental phases have to be distin-
guished (see Fig. 4.6):

1. Test-particle evaluation for retrieval of velocity vector: as explained in
Section 4.2.3, the velocity vector at time step t + ∆t/2 is retrieved and
ultimately, applied to the starting position in order to have a better
approximation of the flow-path.

2. Actual evaluation of new-position: the new position of the particle is
evaluated with the evaluated velocity vector.

The test-particle is pushed by the time step ∆t/2. Further, the new enclosing
host-element is found: even if the time-step is chosen to be small enough, this
can be either a direct neighbor of the actual host-element or lie many elements
downstream. Hence, an algorithm has been implemented, which can efficiently
search the new host-element without requiring too much computation power.
The process is explained in detail in Section 4.3.1. As the new landing position
is found, the barycentric coordinates are evaluated and, as a consequence, the
new velocity vector calculated from the nodal information of the element. This
is applied in the second phase, to the actual particle, which is pushed for a full
time-step ∆t. The same search for the new host-element is then repeated for
the actual particle.
In case the particle lands out-of-mesh, a routine is called to correct the prob-
lem, as in reality, material cannot trespass the boundaries of the tools. The
algorithm (showed in Section 4.3.2) corrects the velocity vector, that leads
the particle out of the boundaries, by projecting this onto the surface of the
boundary triangular element.
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Figure 4.6: Overview of particle tracking algorithm.
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Therefore, the particle flows parallel to the boundary element and does not
cross it. The particle-tracking algorithm has been parallelized with Open-MP,
where different particles are tracked by different CPU-threads.

4.3.1 Search for new hosting element

During the tracking phase, particles move from one element to the next. Of-
ten, within literature, it is possible to find examples of how the search for the
new host element is executed. In some cases, the search is carried out through
all elements. This requires a lot of computation power, in particular when
the number of elements of the mesh is large (as in the case of extrusion sim-
ulations). In other cases, a bucket-search is implemented. Here, the mesh is
divided into different sectors and, by checking the coordinates of the particle,
only one section of the mesh is controlled. This reduces the number of elements
to be checked drastically, but is still time-consuming as it relies on the number
of buckets that has been generated. The fast, minimum storage ray-triangle
intersection algorithm, developed by Möller and Trumbore [MT97], offers the
opportunity for an alternative to these methods. This can identify the new
host-element with minimal computational effort. The algorithm checks if an
intersection between a triangle and a ray exists and computes the coordinates
of the intersection. Consider the triangle in Fig. 4.7 with vertices V0, V1, V2 and
a ray R with starting position p, direction d and length t. The mathematical
description would be:

R(t) = p+ t · d (4.17)

If an intersection between the ray and the triangle occurs, a point T exists

Figure 4.7: Ray-triangle intersection.
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and its position can be described by barycentric coordinates (only two are
required) u, v:

T (u, v) = (1− u− v) · V0 + u · V1 + v · V2, (4.18)

with u
!
≥ 0, v

!
≥ 0 and, as the barycentric coordinates of a triangular element

always sum up to 1, u+ v
!
≤ 1. If an intersection exists, the following equality

must stand:
p+ t · d = (1− u− v) · V0 + u · V1 + v · V2. (4.19)

Rearranging the latter equation:

[
−d V1 − V0 V2 − V0

]
·

tu
v

 = p− V0 (4.20)

The terms V1 − V0 = E1, V2 − V0 = E2 and p− V0 = T has been grouped and
by applying Cramer’s rule, the equation can be solved for the unknown t, u, v:tu

v

 =
1∣∣−d E1 E2

∣∣
∣∣∣∣∣∣
T E1 E2

−d T E2

−d E1 T

∣∣∣∣∣∣ (4.21)

After solving the equation system, the following condition for a ray-triangle
intersection is finally tested:

T ∈ 4(V0, V1, V2) ⇐⇒ ∃{u ≥ 0, v ≥ 0 : u+ v ≤ 1}. (4.22)

Moreover, as the particles move only in forward direction and not upstream,

the condition t
!
≥ 0 must be reinforced, such that only positive directions are

controlled.
As the new host-element is searched, it is checked which face of the tetrahedron
is intersected by the ray described by the velocity vector of the particle. With
the knowledge of the neighboring elements, the next element identified for the
search can be easily selected. In the next element, the barycentric coordinates
of the particle at its final position are checked and the new host-element is
found in case the condition 4.13 is valid. It can happen that the particle
crosses multiple elements during the velocity integration over a single time-
step dt (see Fig. 4.8). In case this occurs, the procedure for the host-element
search is repeated: first the intersected face is found through the ray-triangle
intersection algorithm; secondly the neighboring element is identified and last
the new host-element condition is checked. The procedure (see Fig. 4.9) is
repeated until the new host-element is found.
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Figure 4.8: Search for new host element routine.
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Figure 4.9: Overview of new hosting element search algorithm.
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4.3.2 Avoidance of out-of-mesh particles

During the tracking phase, it can occur that a particle lying close to the bound-
aries of the mesh, lands outside of the mesh (see Fig. 4.10); this can happen
due to problems in the calculation of the velocity field or due to numerical
errors, e.g. if the Jacobian used to calculate the barycentric coordinates of the
particle is ill-conditioned, leading the code to believe that the particle still lies
within a particular element. In case this happens, an extension of the particle-
tracking algorithm has been programmed, which avoids this occurrence (see
Fig. 4.11). The out-of-mesh avoidance routine checks if the particle was lying
inside its host-element in the last integration time-step. If this is true, the
crossed boundary facet of the tetrahedral element is found by means of the
ray-triangle intersection algorithm. The original velocity vector is then pro-
jected onto the surface of the crossed facet and the resulting vector applied to
the particle. The new velocity vector is retrieved by first projecting the old
velocity vector on to the normal to the crossed boundary element; given the
normal to the facet [nx, ny, nz], the projection matrix Pa can be calculated as:

Pa = nnT =

nxny
nz

 [nx ny nz
]

=

 n2
x nxny nxnz

nxny n2
y nynz

nxnz nynz n2
z

 (4.23)

Figure 4.10: Vector projection for out-of-mesh avoidance.

Ultimately, in a second step, by applying the vector rejection to the old velocity
vector by means of the projected velocity, the new velocity vector is computed,
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4.3 Particles tracking algorithm

which is parallel to the boundary facet and retains the direction of the original
vector excluding the normal component:

vnew = vold − Pa · va. (4.24)
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Figure 4.11: Overview of particle out-of-mesh avoidance algorithm.
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4.4 Specific algorithm for charge weld analysis

As it can be seen in Fig. 4.11, the routine is executed up to a maximum of two
times. This is to avoid that the routine remains in an end-less loop. In case
no new host-element is found after two executions, the particle is stopped and
will not be used for further post-processing actions.

4.4 Specific algorithm for charge weld analysis

For the charge weld analysis, the particles simulate the front face of the newly
loaded billet. As it is loaded into the container, the front face lies in contact
with the die. For this reason the particles are positioned at the die inlet and
distributed over the entire section of the billet. A detailed representation of
the algorithm can be seen in Fig. 4.12.

4.4.1 Overview charge weld analysis

The particle-generation algorithm (see Section 4.2.1) generates particles on the
section of the container (see Fig. 4.13b) and identifies, for each of them, the
corresponding host-element. Since the particles are positioned all at the same
distance from the die outlet, only the elements in the vicinity of this distance
are considered for the generation phase.
Before the actual tracking phase can be started (see Fig. 4.13c), the time-step
of the velocity-integration must be defined. This is computed with the shortest
edge length of the mesh and the highest velocity retrieved from the FE-results.
As the time-step also defines the run-time of the algorithm, it is important to
rely on a good quality mesh, free of bad elements (distorted or with too small
volume). This is also true of the FE-simulation itself.
As described in Chapter 2, the generated result shall deliver information on the
length of profile contaminated by the charge weld, i.e. the length of product
to be discarded. Therefore, the parameter to be retrieved from the simulation
is the elongation of the charge weld from the first appearance in the extruded
profile to the moment when the transition to the material from the new billet
is completed. To enable the calculation of this value, the post-processing
variables must be initialized: the position of the die outlet zout is retrieved
by checking the coordinates of the tooling mesh and the average exit velocity
vexit at the profile section computed.
Further, in order to analyze the filling grade by material from the new billet,
the area of the profile section Asection shall be retrieved by adding the area of
all triangular elements forming the profile section of the simulation. As the
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Figure 4.12: Overview of charge weld analysis routine.

79



4.4 Specific algorithm for charge weld analysis

particles reach the outlet of the die and cross the profile section, the intersected
elements are identified, marked and added to the filled area Afilled. Ultimately,
the filling grade F is calculated (see Fig. 4.13d):

F (t) =
Afilled

Asection
. (4.25)

(a) Results from FE-simulation. (b) Generation of particles.

(c) Particles-tracking. (d) Post-processing.

Figure 4.13: Algorithm description of elongation of charge weld analysis.

While the simulation progresses, the length of the profile section to be dis-
carded is measured (distance from skid mark, see Fig. 4.14). Ultimately, the
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4.5 Specific algorithm for seam welds analysis

Figure 4.14: Distance from skid mark representing the length to be dis-
carded.

final length is the distance extruded from the moment the simulation is started
to the moment the filling grade F reaches a user-defined sufficient value.

4.5 Specific algorithm for seam welds analysis

In contrast to the algorithm of the charge weld, the analysis of the seam welds
requires two subsequent fundamental tracking phases (see Fig. 4.15): in a first
step the welding zones, where the different material streams join from the
portholes, must be identified and, only in a latter step after the welding zones
are identified, quality criteria can be evaluated. The first phase is critical
because the integration of quality criteria can only be executed if the exact
position of the welding zones is known. Furthermore, the welding zones can
assume complex shapes, depending on the imbalance of the velocity field within
the die: due to the shape of the profile, velocities in different portholes can be
very different, causing the welding zones to shift during the process.

4.5.1 Overview seam welds analysis

As for the charge weld, the initialization phase of the algorithm consists in gen-
erating and positioning the particles at their starting location. In contrast to
the previous algorithm, the particles are located at an arbitrary distance from
the outlet of the die, where the portholes are located. As the information on
the location of the portholes is not user-defined, this results from an analysis of
the volumetric mesh: first the location of the die outlet zout is determined and
subsequently, the elements of the mesh crossed by an imaginary plane parallel
to the profile section at distance ztest = zout/2 are isolated. By inspecting the
connectivities of the isolated elements, it is possible to determine if and how
many portholes are present.
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Figure 4.15: Overview of analysis routine for seam welds.
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4.5 Specific algorithm for seam welds analysis

If no portholes are found, i.e. only one group of connected elements is detected,
the value ztest is halved until the portholes are found. Alternately, the position
ztest can be explicitly defined.
After the number of portholes are identified, only the boundary elements and
their direct neighbors are considered and a specific ID is assigned depending
on the porthole (see Fig. 4.16b).

(a) Results from FE-simulation. (b) Identification of portholes.

(c) Positioning of particles (d) Tracking for welding zones search.

(e) Identified welding zones. (f) Tracking for estimation of quality.

Figure 4.16: Algorithm description of quality analysis of seam welds.
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Further, within the isolated elements, particles are positioned on the plane at
ztest (see Fig. 4.16c). The particles are assigned the ID of the initial host-
element and are tracked with the simulated velocity field (see Fig. 4.16d). As
the particle-tracking proceeds, elements are marked as welding zones if crossed
by particles with different IDs (see Fig. 4.16e). Once the particles reach the
profile section, the search for the welding zones is terminated.
Once the first tracking is completed, the particles are reset to the starting
positions within the isolated boundary elements of the portholes. Further, a
second tracking is initiated. In this latter phase, the particle-tracking is used
to estimate the quality of the welding condition: if a particle crosses one of
the previously identified welding zone, post-processing routines are activated
and quality criteria integrated. Being not all particles relevant for the evalu-
ation of the seam welds, only those that cross a welding zone are adopted for
visualization purposes.

4.5.2 Post-processing criteria

In Chapter 2 the Q, K and J criteria has been described. These criteria have
been implemented in the post-processing routines of the seam welds analysis
routine.
Given a step i and the particle-tracking time steps ∆ti ∈ ttracking, when a
particle lands in or crosses a welding zone, the criteria have been implemented
as follows:

Q =

∫
η dt ⇒ Q =

∑
i

ηi ·∆ti; (4.26)

K =

∫
η dl ⇒ K =

∑
i

ηi ·∆li, (4.27)

where ∆li = vi ∗∆ti;

J =

∫
η · exp

(
RT

QD

)
dε ⇒ J =

∑
i

ηi · exp

(
RTi
QD

)
·∆εi, (4.28)

with ∆εi = ε̇i ∗∆ti.

Summary of chapter

In this chapter the particle-tracking algorithm, developed and implemented
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in PF-Extrude, has been described. Thereby, it has been illustrated how the
velocity field is integrated in order to retrieve the position of each particles
as they flow in direction of the outlet of the die. Moreover, the algorithm to
track the particles from one element to the next has been explained. Further
it has been showed, how this algorithm has been applied specifically to track
the charge weld and analyze the seam welds. In the first case the particles
represent the initial contacting interface of two billets at the inlet of the die.
In the latter case, the particles are exploited to identify the welding zones
and ultimately, the position of the welds at the profile section of the extru-
date. Moreover, the particles are used to evaluate welding criteria as they
cross the previously identified welding zones. Finally, the implementation of
these criteria in the analysis routine, has been described.
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5 FE-analysis of tool and process
parameters for charge weld
evolution

5.1 Description of tools and DOE

The charge weld evolution of an industrial profile has been analyzed and com-
pared with the results from industrial practice: the two-hole set-up extrusion
die in Fig. 5.1 has been simplified such that only half of the geometry could be
used for the FE-analysis owing to the symmetrical position of the two profiles.
With the charge weld analysis algorithm, the state-of-the-art was analyzed. A

(a) CAD geometry of tools. (b) Flow-volume for FE-simulation

Figure 5.1: Industrial profile for charge weld analysis.

total of ca. 160’000 particles has been generated and positioned at the inlet of
the die. The simulations described within this chapter run on six Intel Xeon
E5-2697 v3 cores with 64 GB RAM. The level 0 simulation, which accounts
for a total of 1’992’942 elements reached the stationary solution in 41 minutes,
while the charge weld evolution analysis terminated after 10 minutes.
The geometry of the die has been modified in order to analyze the effects of
the different changes on the elongation of the charge weld, i.e. the length of
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5.1 Description of tools and DOE

Figure 5.2: Different geometry of tools for FE-analysis.

profile to be removed. The considered geometrical parameters are (see Fig.
5.2): the length of the portholes lPH and the length of the welding chamber
lWC . Furthermore, different cross-sections of portholes have been considered,
whereby the area Ap has been gradually diminished. To describe this change,
the parameter ERBP (Extrusion Ratio Billet-Portholes) has been introduced
by considering the ratio between the section of the container (Ac) and the
portholes (Ap):

ERBP =
Ac
Ap

. (5.1)

Thereby, an increase of the value of ERBP , corresponds to a decrease in size
of the portholes.

Parameter Level 0 Level 1 Level 2 Level 3 Level 4
Length of port-
holes lPH [mm]

50 55 60 65 70

Length of weld-
ing chamber lWC

[mm]

24.5 30 35 40 45

Ratio ERBP [−] 5.8 6.4 7.1 7.9 9.0
Initial billet tem-
perature TB0 [◦C]

475 480 485 490 -

Punch velocity
vpunch [mm s−1]

4 5 6 7 -

Table 5.1: Design of experiments for analysis of charge weld elongation.

The following process variables have also been considered in the one-factor-
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5.2 Results of charge weld analysis

Figure 5.3: Filling grade F (blue) and number of particles crossing the profile
section (orange) over extruded distance for level 0 simulation.

at-the-time DOE: the initial billet temperature TB0 and the punch velocity
vpunch. All the values of the chosen parameters can be found in Table 5.1. For
the geometrical parameters, five different levels have been introduced, while
for the process parameters, four different levels have been simulated. This
allows the analysis of the potential material savings (due to the reduction
of the charge weld elongation) thanks to changes in design, before the die is
manufactured and those owing to changes in process parameters, which can
still be done during the pressing phase.

5.2 Results of charge weld analysis

In Fig. 5.3, the results from the level 0 simulation can be seen. The simulated
length of 1′800 mm is within the conservative industrial practice to remove
3′000 mm, showing important potentials in reducing the amount of scrap ma-
terial. Moreover, it is possible to notice how the profile is not homogeneously
filled by material from the four portholes, i.e. material from the new loaded
billet reaches the profile at different times through the portholes. This effect
can be seen on the line representing the filling grade F (blue line): as a new
material flux reaches the profile section, the filling speed (derivative) increases,
up to the moment where all fluxes from all portholes contribute to the filling
process. This effect can also be noticed when the number of particles crossing
the profile section is analyzed (orange line): the number of crossing particles
increases rapidly when new fluxes join the filling process, while it decreases
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5.2 Results of charge weld analysis

as no new material flux reaches the outlet of the die. Ultimately, the number
of particles continues to decrease until a steady value is reached, where only
particles reach the profile section which do not contribute to the filling process.
These are those particles that slowly stream from DMZs in the die section of
the mesh or from regions far from the die inlet at the front face of the billet.
In general, the results show a clear impact of the parameter ERBP over the
length of the charge weld (see Fig. 5.4): as the size of the portholes is reduced,
the charge weld evolution diminishes correspondingly. In comparison to the
level 0, the level 4 shows a reduction of the length to be discarded by 19.3%.
An increase in length of the portholes and of the welding chamber resulted in
an increase of the discarded length by respectively, 18.3% and 23.6%. These
results are in good accordance with the results from the ERBP parameter,
showing possibility to decrease the length of the charge weld, by reducing the
size of the geometry of the die.

Figure 5.4: Results: lengths to be discarded measured from skid mark.

This effect can by explained through an analysis of the velocity field within
the die: the velocity of the profile during the extrusion process is defined by

vprofile = ER · vpunch. (5.2)

As the ER = Acontainer/Aprofile is unchanged during the pressing phase, the
velocity of the profile leaving the outlet of the die remains unchanged. As
the size of the die is changed by reducing the size of the portholes (therefore
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Figure 5.5: Simulation results: velocity field within the tools for the different
die geometrical changes.

increasing the ERBP parameter), the material within the die must flow at a
higher velocity such that conservation of mass is respected. The increase in
velocity within the die (see Fig. 5.5), causes the material to have shortened
residence-times, leading to a faster discharge of material and ultimately, to a
shorter evolution of the charge weld.
On the other hand, in Fig. 5.5, it is possible to notice that the opposite effect
is true, as the size of the die is increased by elongating the welding chamber
or the portholes. This causes a decrease of the velocity field within the die,
which finally, increases the residence time of the material flowing through the
extrusion die.
With regards to the process parameters, little impact on the elongation of the
charge weld has been noticed (Fig. 5.4), by changes of the initial billet temper-
ature TBillet or vpunch. Precisely, both the increase of TBillet and the increase
of vpunch in level 4, led to a slight increase of the length of the charge weld
by 5.8%. An increase of the latter parameter does increase the velocity within
the die, but at the same time increases the velocity of the profile, leading ul-
timately to a reduced effect on the elongation of the charge weld.
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Summary of chapter

In this chapter, analyses of the elongation of the charge weld for an indus-
trial hollow profile have been conducted. Geometrical and process parameters
have been taken into consideration for the FE-simulations. The results showed
a clear dependency of the evolution of the charge weld from the geometry of
the die. In detail, it has been noticed that, as the internal volume of the die
has been reduced, the velocity of the material flux within the die increased,
leading to a shorter elongation of the charge weld. This phenomenon has been
explained through the principle of the conservation of mass; as the velocity of
the profile is predefined by the velocity of the punch and the ER, a decrease
of the volume of the die, must be compensated by an increase of material
throughput. This can be exploited to reduce material waste due to the con-
tamination by the charge weld, but parameters as profile temperature and
maximal punch forces, which are influenced by geometrical changes, must be
kept under observation.
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6 Analysis of welding process

The following chapter focuses on the analysis of the welding process (see Fig.
6.1), where experimental analysis has been conducted to describe the condi-
tions that lead to welding of AA6060. The results have been further analyzed
and, through the described algorithm in PF-Extrude (see Chapter 4), used to
predict the welding condition of weld seams in extruded profiles (described in
Chapter 8).
Two different experiments have been developed during the course of the study:
SSB-PUNCH (Solid State Bonding - PUNCH) and SSB-DIL (Solid State
Bonding - DILatometer). The first experiment has been developed to gain

Figure 6.1: Overview of analysis of welding condition in extruded profiles.
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insights on the parameters leading to a successful bonding state and has led
to the development of the second experiment. With the latter, it has been
possible to accurately control the design parameters of the experiment (strain,
strain rate, temperature) and find the welding limit curve, which describes
the conditions at which a successful bond is formed. At the same time, the
experiments have been virtually investigated, by means of the commercial
FE-software Simufact.forming, so that different criteria can be evaluated. By
analyzing the results, both the limits and the benefits of each of the current
criteria have been shown, leading to the formulation of a novel criterion (TSH:
Temperature-Strain-Hydrostatic pressure criterion).
A benchmark full profile of rectangular shape equipped with a bridge (forming
two different material fluxes, which reunite in the welding chamber) has been
extruded. At every design iteration, the welding chamber has been gradually
reduced until a defect appeared and a partial weld was extruded. Comparing
the results from the extrudates with those from the laboratory experiments, it
is explained how the welding condition can be successfully predicted by means
of FEM.

6.1 SSB-Punch Experiments

6.1.1 Design of tools and experiments

The SSB-Punch experiment is inspired by the backward cup extrusion pro-
cess, whereby the work-direction of the punch and the flowing-direction of the
workpiece are opposite. The specimen to be extruded during the experiment
is composed of two different parts that fit together (see Fig. 6.2): the first
is a cylindrical probe where a pocket has been machined in order to fit the
second specimen, while the second has a conical shape. The two specimens are
positioned inside an extractable container (see Fig. 6.3), which allows an easy
removal of the pressed specimens once the experiment is terminated. Further,
the container with the specimens is inserted in a second larger container. This
is heated by means of heating cartridges, which are controlled by setting and
monitoring the temperature in close vicinity of the specimens, through a ther-
mocouple.
In order to test bonding conditions under different stress states, three differ-
ent punches have been manufactured (of diameter 20 mm, 24 mm and 28 mm,
see Fig. 6.4). Thereby, it has been the objective to increase the hydrostatic
pressure achieved during the cup-extrusion process. By using the D = 28
mm punch, the extrusion ratio is ER = 7.8. In turn the pressure within the
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container is increased as a bigger deformation is required to extrude the cup.
On the other hand, if smaller punches, D = 24 mm or D = 20 mm (with
respectively ER = 2.8 and ER = 1.8) are used, lower pressures are achieved
within the container during the extrusion process.

(a) Specimen 1 in Fig. 6.3. (b) Specimen 2 in Fig. 6.3.

Figure 6.2: Specimens for SSB-Punch experiments.

The experimental set-up is inserted in a Zwick-Roell tensile machine, which
has been adapted to perform compression tests. The punch is hold by the
hydraulic clamping system of the moving crosshead, while the containers are
positioned below the punch in line with the central axis on a working table.

(a) SSB-Punch set-up. (b) SSB-Punch tools.

Figure 6.3: SSB-Punch tools for welding analysis.
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Figure 6.4: Different punches for SSB-Punch experiment.

As the crosshead is moved downwards, the punch compresses the two alu-
minium specimens and ultimately extrudes them backwards.
The set-up has been designed to analyze the effects on the welding condition
along the two specimens by controlling the following parameters:

• Punch diameter: by increasing the size of the punch, the hydrostatic
pressure within the container during the experiment is in turn increased
as well;

• Punch speed: by varying the punch speed, the contact time between the
specimens can be adjusted;

• Punch stroke: by varying the punch stroke, different deformation-history
experienced by the specimens can be tested;

• Temperature: by varying the temperature, the effects of this parameter
on the welding condition can be analyzed.

It is important to notice, that the choice of the parameters is based on the
current criteria found within literature (Chapter 2) for Q, K and J, these being
the criteria where the welding condition is dependent to the triaxiality value
η = pH

σ̄ . Different states of triaxiality can be experimentally reproduced with
the different sized punches. Moreover, the Q-criterion states that the welding
condition is dependent from the contact time of the two material fluxes (in
the welding chamber of an extrusion die); for this reason, by varying the
punch speed and stroke, different contact times have been considered. On
the other hand, the K-criterion considers the contact path as parameter to be
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Parameter Level 1 Level 2 Level 3

Punch diameter [mm] 20 24 28
Punch speed [mm/s] 0.2 2 4
Punch stroke [mm] 1 3 5
Temperature [◦C] 450 525 560

Table 6.1: Parameters and tested levels for SSB-PUNCH experiment.

considered; by changing the punch stroke, this parameter can be successfully
analyzed. Finally, the J-criterion expresses the welding condition as a function
of temperature, which can be controlled in the SSB-PUNCH experiment, and
of accumulated strain, which can be changed by varying the punch size and
stroke.
The possibility of varying these parameters allows the analysis as to which
criterion better replicates the reality by comparing the experiments with FE-
simulations.

Trial Punch Punch Punch Temperature

diameter speed stroke

[mm] [mm/s] [mm] [◦C]

1 20 0.2 1 450
2 20 2 3 525
3 20 4 5 560
4 24 0.2 3 560
5 24 2 5 450
6 24 4 1 525
7 28 0.2 5 525
8 28 2 1 560
9 28 4 3 450
10 24 0.2 3 525
11 24 2 3 525
12 20 0.2 3 560

Table 6.2: DOE with Taguchi orthogonal array.

Three different levels (see Tab. 6.1) have been chosen for the experimental
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trials and a Taguchi orthogonal DOE has been used, such that the number
of trials could be effectively reduced to nine, without compromising on the
testing-spectrum of each parameter (see Tab. 6.2). Furthermore, three trials
(trial 10,11,12) have been added in order to evaluate extra combinations.
Once the experiments have been executed, the welded specimens have been
sectioned through the center as displayed in Fig. 6.5a and a sectioned element,
containing the welding surface, was embedded in thermosetting resin (see Fig.
6.5b). These have been further grinded and polished down to 1µm. Finally, the
specimens have been etched in NaOH and Alfisatin (etching additive) solution
until the welding line is made visible.

(a) Sectioned SSB-Punch specimen. (b) Embedded specimen.

Figure 6.5: Preparation for analysis of SSB-PUNCH welded specimens.

6.1.2 Analysis of results

Figure 6.6: Test-positions of welded specimens.

The embedded specimens have been inspected with a Keyence optical micro-
scope, whereby two different positions have been analyzed as shown in Fig.
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Figure 6.7: Optical microscopy inspection of selected SSB-Punch experi-
ments.

6.6. From a first analysis, it was possible to notice differences along the ob-
served welding line: at the two test-positions (see Fig. 6.7), it has been seen
that the welding line is more visible at the position 2 (bottom of welding area),
showing voids and cracks in multiple positions. On the other hand, at position
1, the welding line becomes thinner and disappears in cases where the welding
condition is sufficient. Only sporadic micro-voids could be noticed in this area.
The optical observations led to the conclusion that the welding condition on
the upper part of the specimens is qualitatively better than the bottom of the
specimen (close to the test position 2). In addition, it has been observed in
multiple specimens, that a thin oxide film is present along the welding inter-
face (see Fig. 6.8), whereby in only those sections where the deformation is
highest (close to the punch), the concentration reduced until the oxide layer
disappears. As this is true, in order to reach a sufficient welding condition
during the experiment the oxides must be broken, which makes a quantitative
analysis difficult: on the contrary, during the extrusion process, oxidation at
the welding interface of a seam weld can only happen in case air is trapped in-
side the die where the material fluxes join together. As this does not represent
the case in reality (the shape of the bridge is usually chosen to prevent the
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formation of entrapped air), a quantitative analysis of the SSB-PUNCH exper-
iments, would overestimate the requirements for a sufficient welding condition.

Figure 6.8: Results from oxidation along the welding interface.

Figure 6.9: Test-positions along welding interface for Vickers-hardness.

In the research conducted by Yu et al. [YZZC17], it has been shown that
hardness measurements across the welding interface can deliver information
on the welding condition of the seam welds. Following this approach, hardness

100



6.1 SSB-Punch Experiments

measurements have been carried out at the two defined positions along the
welding interface of each sectioned specimen (see Appendix 10.5 for all results).

Figure 6.10: Vickers-hardness for D28 punch SSB-Punch experiments.

A similar trend to literature resulted from the analysis, whereby the hardness
on the welding interface results to be lower in the center than the proximities,
where homogeneous material is present. As this has been observed, in some
cases, the hardness value resulted to be constant across the welding interface.
Further, an SNR analysis has been performed with the results from the hard-
ness tests, evaluated with the value on the welding interface. For the SNR
analysis, the larger-the-better evaluation formula has been used:

SNR = −10 log

(
1

N

N∑
i=1

1

y2
i

)
, (6.1)

whereby N represents the number of experiments with a particular parameter
at a specific level, and yi represents the actual value to be analyzed, which in
this case is the hardness on the welding interface.
From the results, it has been possible to define tendencies of the four pa-
rameters, evaluated by means of SSB-PUNCH (punch diameter, speed, stroke
and temperature). The SNR analysis (see Fig. 6.11 and Tab. 6.3) shows the
high dependency of the hardness (measured on the welding interface) from
the punch stroke (i.e. strain experienced by the material at the evaluated
point) and from the temperature of the specimens. Both of these parameters
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Figure 6.11: SNR analysis of hardness tests.

show an increasing trend, where the higher the deformation (i.e. the longer
the punch stroke) and with increasing temperature, the higher is the resulting
value from the hardness analysis. On the other hand, the results of the punch
size (which indirectly controls the hydrostatic pressure within the container
during the experiment) and the punch speed, are inconclusive for a clear trend
definition. In fact, the results show for both parameters an increase from the
first to second level, but a further decrease from the second to the third level.
This behaviour of the SNR shows that the measured hardness values are not
dependent on the latter parameters.
The importance of the amount of deformation, provided by the punch stroke,
and temperature on the bonding condition could be noticed from the results.
This confirms the results of the visual investigations of the welding interface,
where bonding could be noticed in regions of the specimen which acquired a
higher deformation (close to the punch).

Level Punch Punch Punch Temperature

diameter speed stroke

1 33.85 33.67 33.41 33.66
2 34.20 34.29 33.99 33.98
3 33.72 33.80 34.65 34.14

Table 6.3: Results of SNR analysis of hardness tests.
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From the findings that have been gained through the experiment SSB-PUNCH,
a second experiment has been developed (SSB-DIL), which can be performed
in vacuum and can be better controlled, to obtain data at discrete intervals.
This is discussed in detail in Section 6.2.

6.1.3 Virtual analysis of SSB-PUNCH

A virtual analysis of the experiment has been performed by means of the com-
mercial FE-software Simufact.forming. Owing to the geometry of the experi-
mental set-up, the thermo-mechanical simulations could have been calculated
in 2D with the central axis modeled as the rotational symmetry boundary
condition. The two aluminium specimens have been modeled as two separate
deformable bodies and the tools as rigid, with a pre-defined temperature. Due
to the large deformations and the complex contacts between the two speci-
mens, re-meshing has been activated to ensure stability in the calculation of
the solution.

Figure 6.12: FE-simulation set-up of SSB-Punch experiment.

The material specifications of AA6060 have been implemented in the FE-
simulations through the Zener-Hollomon formulation modified by Tong [TSH05]:

σ̄ = A · exp

(
Q

R · T

)
ε̇m · [1− β exp (−Nεn)] , (6.2)

with the parameters in Table 6.4. For the friction modeling in the simula-
tions, the shear-friction model has been chosen whereby the friction coefficient
has been set such that, the force maximum achieved during the experiment
could have been virtually reproduced. During the comparison between exper-
imental and simulation results, it has been noticed that, the contact condition
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A [MPa] Q [J/mol] m [−] β N [−] n [−]

0.2704 28078 0.1362 0.0992 4.7263 1

Table 6.4: Parameters of Zener-Hollomon-Tong description of AA6060.

between aluminium and the tools, that better describes the reality, is the
“sticking” condition, whereby the boundary nodes of the specimens are hold
fix. As this is not possible to implement effortlessly in Simufact, high value
(m = 0.9..1) of the shear friction parameter has been adopted.
An overview of all results from the experimental campaign can be found in
Appendix 10.6.
As previously described, it can be observed that the regions that presented
signs of bonding are close to the punch along the welding interface: from the
simulative results, it is possible to notice that these regions experience a higher
degree of deformation (ε) in comparison to the bottom welding interface re-
gion (see Fig. 6.13). Moreover, by means of the SSB-PUNCH experiment, it is
possible to achieve high values of the hydrostatic pressure, which decreases as
the material flows in direction of the outlet (between punch and container); on
the other hand, the maximal values are recorded within the container below
the bottom face of the punch. Due to the small deformations experienced by
the material within this region, the effective stress is accordingly limited. For
this reason the triaxiality value η = pH

σ̄ shows extremely high values at the
bottom of the welding interface. In Fig. 6.13, it is possible to see for the second
experiment (T = 525◦C) that at the bottom region of the welding interface
triaxiality values of η ≤ −5 are reached.
Further, the Q-, K- and J-criteria have been calculated along the contact re-
gion between the two aluminium specimens. In order to evaluate the welding
criteria, a specific fortran subroutine has been implemented in simufact (see
Fig. 6.14). Therewith, the boundary nodes of the specimens along the welding
interface can be extracted and the quality criteria updated at every iteration
of the FE-simulation: the MSC.Marc based integrated function in simufact
ufninc has been used, which is called at the end of every simulation increment
before the output of the results. In Fig. 6.15 it is possible to observe the
high Q-value (Q > 4) reached during the experiment at T = 450◦C. This
specific trial has been executed at a punch speed of v = 0.2 mm s−1, which
represents a contact time between the two specimens of t = 5 s. On the other
hand, the trial specimens at v = 2 mm s−1 and v = 4 mm s−1 experienced a
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Figure 6.13: FE-simulations results with D20 punch with T = temperature,
v = punch speed and w = punch stroke.

contact time of respectively, t = 1.5 s and t = 1.25 s. Due to the reduced
contact times, the integrated Q-criterion show, in general, lower values. More-
over, the Q-criterion shows higher integrated values at the bottom region of
the welding interface for all executed simulations. This is not in accordance
with the experimental results, which show clear evidence of no-welding zones
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Figure 6.14: Overview of subroutine in the simufact function ufninc [Sim15].

within this region. On the contrary, the simulative results show that both
the K- and J- criteria are in agreement with the experimental results: both
criteria show lower values at the bottom of the welding line, while increasing
values can be noticed on the upper regions of the interface. This behaviour can
be explained by the fact that the K-criterion is dependent (alongside to the
triaxiality) on the path experienced by the contact interface, during the defor-
mation process. The upper region of the two specimens experience the highest
deformation (the material flows in direction of the outlet, the gap between
punch and container), therefore describing the longest path in contact to one
another. On the other hand, the bottom part, due to the smaller deformation,
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Figure 6.15: FE-simulations with D20 punch: evaluation of welding criteria.

experiences the shortest completed path. This leads to the reduced integrated
values at the bottom of the welding interface. Similarly, the J-criterion is
integrated over the total deformation: as previously described, the regions ex-
periencing higher deformation are located in the upper part of the specimens.
The J-criterion also formulates the dependency of the bonding condition from
the temperature; as this is true, it has not been possible from the simulative
results to find differences due to a temperature increase. This is related to
the fact that the temperature term within the criteria exp(RT/Q) influences
only minorly the integrated criteria: with the literature value of Q = 142′000
J mol−1 [YZC16a], the latter term assumes a value between 1.043 and 1.052
for temperatures within the range 450◦C ≤ T ≤ 600◦C.
From the knowledge acquired by the SSB-PUNCH experiment, a novel exper-
iment (SSB-DIL) has been designed.
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6.2 SSB-DIL Experiments

From the results of the SSB-PUNCH experiments, the SSB-DIL set-up has
been developed, so that the deformation experienced by the specimens can be
controlled precisely. Moreover, during the heating phase of the SSB-PUNCH
experiment, the aluminium specimens showed signs of formation of oxides. In
order to minimize this phenomenon, which is in particular accelerated during
the heating phase, the latter experiment has been performed in vacuum.

6.2.1 Design of tools and experiments

The experiment is based on compression tests of two initially separated alu-
minium specimens of cylindrical shape (see Fig. 6.16) with diameter 5 mm and
length 5 mm, which have been manufactured by wire cutting from a AA6060
extrusion billet. As shown in Fig. 6.17, the specimens are positioned, against
one another, between a punch and a counterpunch, inside a heating induction
coil, such that one contacting face is present (the face where the specimens
weld). The temperature can be measured during the experiment by welding
a thermocouple on the surface of the specimens. The two specimens are com-
pressed together and bond together under specific deformation degrees and
temperatures. Thereby, it is possible to test the bonding condition at the
welding interface (formed in the middle of the two compressed specimens) at
different strain values (by controlling the punch stroke), strain rates (by con-
trolling the punch speed) and temperature. The DOE consists in the analysis

Figure 6.16: Specimen for SSB-DIL experiment.

of the following parameters and intervals (the complete DOE can be seen in
Appendix 10.7):

• Temperature T : from 300◦C to 600◦C;

• Strain ε: from 0.1 to 1;
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• Strain rate ε̇: 0.2 1
s and 10 1

s .

Before the specimens are inserted in the dilatometer machine, the contacting
face is carefully grinded with 20 µm grain paper and cleaned in order to reduce
any trace of oxidation on the surface.
Following a specific program (see Fig. 6.18), the specimens are heated at the
pre-defined temperature within 20 s and then held for 120 s. At the end of
the heating phase, the hydraulic punch is released, which then compresses the
specimens. Finally, cooling gas is used to cool the welded probes for 46 s. The
vacuum pump is activated for the entire heating and deformation phases. Only
after the specimens have been compressed, the vacuum pump is deactivated
and the chamber flooded.

Figure 6.17: Set-up of SSB-DIL experiment.

Figure 6.18: Dilatometer machine program for SSB-DIL experiment at T =
550◦C, ε = 0.1, ε̇ = 0.2 1

s .
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6.2.2 Analysis of results

After the execution of the experiments, the specimens that clearly showed
no signs of welding (as they easily broke apart) have been discarded. On the
other hand, the remaining specimens have been sectioned by milling half of the
specimen. Further, these have been embedded and have undergone a grinding
process down to grit 1000 sand paper (see Fig. 6.19a). The specimens have

(a) Embedded SSB-DIL probes in BAK-
Green resin.

(b) Investigated regions of each welded
specimen.

Figure 6.19: Preparation of SSB-DIL specimens after experiments.

been each analyzed under an optical microscope and evidence of bonding have
been searched on the welding interface. Fig. 6.20 shows the results from the
analysis of the experiments executed at a temperature of 550◦C and with a
strain rate of 10 s−1. The specimens shown in the figure have been ordered
by strain value reached: ε = 0.1, 0.25, 0.5, 0.75 and 1. Moreover, for each
experiment, both the core of the specimen as well as the area close to the
external edge have been analyzed (see Fig. 6.19b). As it is possible to notice,
for the first two experiments (51 and 52, at low strains), the interface is clearly
visible in both the core and the edge regions, leading to the conclusion that
the two specimens did not weld under these conditions. Differently, specimens
53, 54 and 55 show transition points, where the welding interface, from being
visible, fades until it is no longer visible. These regions, where no cracks
nor micro-voids are visible, are considered to be welded. Moreover, the core
regions of specimen 54 and 55 show no interface throughout the entire region,
while the edge regions show in both cases transition points, where the voids
disappear and only homogeneous material can be seen.
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Figure 6.20: Optical investigations of SSB-DIL experiments at T = 550◦C,
ε̇ = 10 1

s . Black arrow: visible interface; Red: transition point.
The complete DOE can be seen in Appendix 10.7.
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In order to further analyze the welding interface, SEM analyses have been
performed on specimen 55, which has been tested at the following conditions:
T = 550◦C, ε̇ = 10 s−1 and ε = 1. In Fig. 6.21a, the core of the welding
interface has been analyzed to observe if micro-voids are present: it has been
possible to observe that no gap is left between the specimens after the defor-
mation and bonding conditions occurred. In contrast, on the edge region of

(a) Core of specimen showing no pres-
ence of micro-cracks.

(b) Micro-crack on weld interface in edge
region.

Figure 6.21: SEM-BSE analysis of specimen 55.

(a) Al content. (b) Si content. (c) Fe content.

Figure 6.22: EDX analysis of region in Fig. 6.21b.

the same specimen, micro-cracks can be found (see Fig. 6.21b): in line with
the other specimens, the edge region shows less traces of bonding than the core
region. In the specific region in the figure, EDX analysis has been performed:
the results show that the region around the visible gap is mostly filled by alu-
minium, although traces of other elements of the alloy could also be identified
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(chromium, copper, iron, magnesium, manganese, silicon, titanium and zinc).
Inside the void itself, only traces of silicon and iron can be found.
All the welding interfaces of all SSB-DIL specimens have been investigated
optically and classified as either welded or not. In Fig. 6.23, the results of
all the experiments (both at ε̇ = 0.2 s−1 and ε̇ = 10 s−1) are shown: a trend
can be noticed, whereby the welded specimens experienced higher deforma-
tion (ε) and higher temperatures (T ). Specifically, within the temperature
range 300 ◦C ≤ T ≤ 400 ◦C, the specimens started to exhibit bonding con-
ditions from a strain ε = 0.75. As the temperature is increased between
450 ◦C ≤ T ≤ 550 ◦C, bonding conditions could have been achieved already
at a strain ε = 0.5. For the specimens tested at a temperature T = 600 ◦C,
bonding conditions can be already achieved at a strain of ε = 0.25. On the
other hand, the execution velocity of the SSB-DIL experiment (ε̇), does not
show a direct impact on the bonding condition, as the specimens at two tested
strain rates show similar trends and welding limits.

(a) SSB-DIL results at ε̇ = 0.2 s−1. (b) SSB-DIL results at ε̇ = 10 s−1.

Figure 6.23: Results of SSB-DIL experiments. Trial numbers are marked.

6.2.3 Virtual analysis of SSB-DIL

FE-simulations of the SSB-DIL experiments have been performed with the
software simufact.forming, to investigate the outcome of the quality criteria
Q, K and J condition, during the deformation of the specimens. Thanks to the
symmetrical assembly, only one half of one specimen can be investigated and
2D simulations have been used (see Fig. 6.24). Thereby, a rotational symmetry
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has been introduced at the central axis of the cylindrical probes. Moreover,
being the two probes positioned in a mirrored assembly, the bottom face of
the simulated probe is in contact with a frictionless symmetry tool. The top
face of the probe is on the other hand, in contact with a punch, which moves
in −z direction. The latter contact has been modeled with the shear-friction
approach, given a friction factor m = 0.2. It has been seen that with the latter
value, the simulations are in good agreement with the development of the real
experiment. Further, the Sellars-Tegart model, described in Chapter 3, has
been implemented in the software through a subroutine and used to describe
the AA6060 specimens.

Figure 6.24: Set-up of SSB-DIL FE-simulation in simufact.

Figure 6.25: Comparison of max. forces in experiment and simulation.

Simulations of the DOE, previously described in Section 6.2, have been con-
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ducted and the maximal calculated punch forces have been compared to those
retrieved from the dilatometer machine after the execution of each experi-
ment. From an analysis of the maximal reached forces (see Fig. 6.25), it can
be noticed that the simulated and the real forces are in good agreement. The
deviations from the reality, that can be noticed in some experiments at lower
temperatures and higher strains can be traced back to the fact, that the flow
stress lies within an extrapolated area (the lowest temperature for the mate-
rial characterization has been T = 400◦C, as a range feasible to the extrusion
process has been chosen).
The welding quality criteria have been evaluated with the subroutine inte-
grated for SSB-PUNCH (see Section 6.1.3). Specifically, in the SSB-DIL sim-
ulations, the elements in contact with the bottom symmetry tool (which rep-
resents in reality the contact interface between the two aluminium specimens)
have been considered for the welding evaluation. Fig. 6.26 (only the welding
interface of the specimen is illustrated) shows the results of the criteria eval-
uation for the specimen tested at T = 550◦C, ε̇ = 0.2 s−1 and ε = 0.75. It

is noticeable that the Q- (Q =
∫
η dt) and J- (J =

∫
η exp

(
RT
QD

)
dε) criteria

show decreasing values as the distance from the core decreases, with the peak
in the core of the specimen. Oppositely, the K-value sees an increase of the
integrated criteria as the distance from the core increases: this is due to the
formulation of the criteria itself (K =

∫
η dl), which integrates the triaxiality

over the path described by the contacting interface. Because of the experimen-
tal set-up, the material points that lie closer to the surface of the specimens
describe a longer path than those in the core, as the diameter of the specimen
expands during the compression process.
From the analysis of the experimental trials, for all specimens that showed
welding conditions, it can be established that in the core region no visible
welding line can be noticed. Differently, as the edge zone is approached, a
transition point can be found, where the welding line becomes visible. This is
discordant to the finding of the K-criterion, which predicts better welding con-
ditions in the edge area, rather than in the core. Differently, both the Q- and
J- criteria are in agreement with the welding condition found experimentally.
Being the contact time the same as the simulation time (the specimen does not
detach from the symmetry tool), the critical parameter for the evaluation of
the Q-criterion is the triaxiality: ideally, in a compression test the triaxiality
should be η = − 1

3 , but, due to the friction effects, η experiences a peak in the
core of the specimen, while it decreases as the edge zone is approached (see
Fig. 6.27a). The J-criterion integrates the triaxiality over the strain accumula-
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tion and scales the resulting value by means of an exponential function of the
temperature (at T = 550◦C, the scale factor amounts to 1.0492 [YZC16a]).

Figure 6.26: Welding criteria evaluated for simulation at T = 550◦C, ε̇ =
0.2 1

s , ε = 0.75.

Thereby, the critical parameters are both the triaxiality as well as the strain.
Ideally the deformation of the specimen during the compression test should be
homogeneous, leading to ε = 0.75 throughout the specimen; the compression
test deviates from the ideal case, causing the specimen surface to assume a
barrelled shape. In such case, the strain distribution assumes higher values at
the core of the specimen, while the edge zone (close to the surface) assumes
values closer to the ideal case (see Fig. 6.27b). For these reasons, the J-
criterion shows higher values in the core, where triaxiality and strain reach
higher values, and lower in the edge areas.
For each experiment, the maximal values of the integrated criteria have been
extracted: in Fig. 6.28 the maximal Q-values have been illustrated for each
experiment. It is possible to observe that, as the strain reached is higher, the
higher is the integrated Q-value due to the longer contact times. At the same
time, the same value has been calculated at different temperatures. Between
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(a) Triaxiality η. (b) Strain ε.

Figure 6.27: Results of specimen T = 550◦C, ε̇ = 0.2 1
s , ε = 0.75.

the experiments at a strain rate ε̇ = 0.2 s−1, the criterion shows similar values
for all trials at strain ε = 0.5, although the optical analysis of the specimens
show that only from a temperature of T = 450◦C bonding conditions are
reached. Considering also the trials at strain rate ε̇ = 10 s−1, the Q-criterion
shows values close to zero: the higher strain rate, causes the contact time
to reduce drastically, which in turn, causes the Q-values to decrease. This
represents a limit for the Q-criterion, as in the optical analysis of the SSB-DIL
specimens, bonding conditions are reached also at ε̇ = 10 s−1.

(a) ε̇ = 0.2 1
s
. (b) ε̇ = 10 1

s
.

Figure 6.28: Q-criterion: FE-simulations of SSB-DIL experiments.

In contrast, the K-value is independent from the execution velocity of the
experiment (therefore contact time at the welding interface, see Fig. 6.29):
the results show a similar behavior for both the trials at ε̇ = 0.2 s−1 and
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10 s−1, as noticed experimentally. As higher strains are reached, a longer path
is described by the welding interface while the two specimens are in contact.
Therefore, higher values are calculated at higher strain, although no differences
could be noticed between the different temperatures. Moreover, as previously
explained, the K-criterion integrates higher values in the edge areas of the
specimens, while on the contrary, bonding have been noticed in the core.

(a) ε̇ = 0.2 1
s
. (b) ε̇ = 10 1

s
.

Figure 6.29: K-criterion: FE-simulations of SSB-DIL experiments.

(a) ε̇ = 0.2 1
s
. (b) ε̇ = 10 1

s
.

Figure 6.30: J-criterion: FE-simulations of SSB-DIL experiments.

This effect shows the limits of the K-criterion to describe the welding condi-
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tions in the SSB-DIL experiment.
The J-criterion is qualitatively in good agreement with the optical analysis,
showing a decrease of the integrated value from the core to the edge areas.
Further, the simulations at the two different strain rates show similar results
(see Fig. 6.30): as the strain reached is higher, larger J-values are integrated.
The efforts of the J-criterion to account for the effects of temperature changes,
could not be identified from the virtual analysis of the experiments, as the
experiments show similar values at different temperatures. This is due to the
fact that the exponential term of the J-value underestimates the effects of the
temperature. Further differences in the core of the specimen are due to the
fact that the triaxiality can assume slight different values due to differences in
the barrelling effect of the specimen during the deformation. If only the tem-
perature range of the extrusion process (450◦C ≤ T < 600◦C) is considered,
the J-criterion is in good accordance with the experimental investigations of
the SSB-DIL experiments, as comparable values are found within this range
for different strain rates and the welding condition shows a good reproduction
of the experiments.

Criterion ε̇ = 0.2 ε̇ = 10 Extraction region

Q 0.454 0.009 Core
K 0.212 0.212 Edge
J 0.251 0.252 Core

Table 6.5: Extracted critical values for Q−, K− and J−criterion in range
450◦C ≤ T ≤ 550◦C.

In Table 6.5, the extracted values for the three different criteria are displayed.
These have been evaluated in the range 450◦C ≤ T ≤ 550◦C, which repre-
sents feasible temperatures for the aluminium extrusion process. Moreover,
the critical values are extracted from the first encounter of a welded probe,
which the results of the SSB-DIL experiment locate at a strain value ε = 0.5
in the specified temperature range.

Summary of chapter

The chapter shows the experimental methods used in order to calibrate the
welding criteria described in literature for the AA6060. Thereby, two differ-
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ent experimental set-ups have been tested and virtually analyzed by means of
FE-simulations with the commercial software simufact. The limitations of the
SSB-PUNCH set-up has been explained, leading to the SSB-DIL set-up, which
allows a better control over the parameters ε, ε̇ and T . By means of the SSB-
DIL set-up, compression tests of initially separated specimens have been con-
ducted at different strain rates, temperatures and up to different strain values.
By analyzing the welding interface, bonding or no-bonding conditions could
have been determined. Further, with the comparison to the FE-simulations,
welding limits of the Q-, K- and J-criteria could have been determined within
the extrusion temperature range 450◦C ≤ T ≤ 550◦C.
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7 Temperature-Strain-Hydrostatic
pressure welding criterion

In Chapter 2.5, the analogy to damage evolution in bulk metal forming has
been explained. In Fig. 7.1, all experiments are displayed (with resulting dif-
ferent stress triaxialities and Lode angle) that can be conducted in order to
retrieve the failure surface. In the graph, we observe the experiments in tensile
stress state when the stress triaxiality η ≥ 0 (in Fig. 7.1 η = Γ). Regarding

Figure 7.1: Triaxiality-Lode diagram for damage in bulk forming, modified
from [RA]. The green region displays favourable stress states for
achieving bonding conditions.

welding conditions, it is clear that neither void closure, nor bonding can occur
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under such stress states (η ≥ 0), due to the fact that material is pulled apart
in such experiments. The lower limit of this region is represented by the tor-
sion (or pure shear) experiment, where triaxiality η = 0 and Lode ξ = 0: no
bonding condition can occur here due to a lacking pressure state component.
It is possible to comprehend that bonding conditions can only be achieved
when a complete pressure state is present, as tensile states would produce the
opposite effect and lead to void growth instead of closure.
For stress triaxiality conditions η < 0, the importance of the Lode parameter
increases. In literature (see Section 2.6), it is stated that void closure can be
achieved when the Lode parameter reaches large values. The value of the Lode
parameter is the same as the Lode angle but with opposite sign. In 7.1 this
region is represented by ξ ≤ 0. Stress states with ξ > 0 require the position
of the intermediate principal stress σ2 to shift in direction of axial symmetry
tension.
The SSB-DIL experiments are based on the upsetting process of cylindrical
specimens. Therefore, the experiments are located at point 6 in Fig. 7.1,
which reproduces the stress state η = −1/3 and L = 1 (respectively ξ = −1)
under ideal conditions. This would require no friction at the contacting sur-
faces of the specimens and of the tools (see Fig. 7.2). On the other hand,

Figure 7.2: Barrelling due to friction during simulation of SSB-DIL.

experiments showed a barrelling behaviour caused by friction in contact with
the tools of the dilatometer. This phenomenon causes the triaxiality and Lode
parameter to differ from the ideal conditions. Further, it has been shown in
the previous chapter, that the triaxiality value decreases from the core to the
edges of the specimen.
In order to analyze the stress condition on the bonding interface (in the sim-
ulation, the lower face in contact with the symmetry tool), two points have
been defined: the first represents the core of the specimen, while the second

122



Figure 7.3: Position of analysis points during SSB-DIL simulations.

has been positioned at the position where triaxiality does not show changes
over the deformation history (see Fig. 7.3).
From Fig. 7.4, it is possible to observe the history of stress triaxiality and Lode
angle over the deformation experienced by the specimens during the compres-
sion stage: point 1 in the core shows that the magnitude of the stress triaxiality
assumes the ideal value η = −1/3 at the beginning of the compression, while it
increases as higher deformation is achieved. On the other hand, the Lode angle
shows a constant value ϑ̄ = −1 throughout the compression of the specimen.
Differently, the stress state at point 2 shows a constant value for the triaxiality
η = −1/3 but, in this case, the Lode angle deviates slightly from the ideal case

(a) ε = 0.5. (b) ε = 0.75.

Figure 7.4: Triaxiality and Lode angle of the two evaluation points in simu-
lation at T = 550◦C, ε̇ = 0.2
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and diminishes as the deformation progresses. This has been experienced in all
simulations of every SSB-DIL experiment, at different magnitudes of strains
as well as different temperatures and strain rates (see Fig. 7.5). During the

(a) ε̇ = 0.2 1
s
. (b) ε̇ = 10 1

s
.

Figure 7.5: Triaxiality and Lode angle of the two evaluation points in simu-
lation at T = 550◦C, ε = 1

visual inspection of the welding interfaces of the specimens showing bonding
conditions (disappearing welding line), it has been noticed that a transition
point can always be found, which designates the position of the last visible
point of the welding line. This phenomenon promotes the importance of the
Lode angle during the bonding process.
In Section 6.2.2, it has been shown that the visual inspections led to the
conclusion that high strains and high temperatures lead to sufficient bond-
ing conditions: a function has been developed such that this trend can be
correctly reproduced. This led to the formulation of the TSH (Temperature-
Strain-Hydrostatic pressure) criterion:

TSH =

∫
η · exp

(
T

A

)
·

[
n · exp(m− n · ε)

(1 + exp(m− n · ε))2

]
· ϑ̄dε, (7.1)

where, A, m and n are fitting parameters. In comparison with the J-criterion
from Yu et al., the R/QD term has been grouped into a single parameter A.
Moreover, it is not a constant value, but results from a fitting operation and
can therefore vary for different alloys.
The TSH model has been developed to take into account the effects of strain
accumulation, temperature, triaxiality and Lode angle. In order to determine
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the values of the fitting values, the experimental data from the visual inspec-
tions have been used. For each specimen which showed clearly no signs of
bonding conditions (the welding line is throughout visible) a value 0 has been
assigned, while a value of 1 has been assigned to the welded probes. Moreover,
only the first bonded experiments at each temperatures have been considered
(see Fig. 7.7). This has been chosen due to the fact that only binary (1/0)
statements could have been met from the optical analysis. By performing a
least-squares fit, solving the following equation:

min
x
||TSH(x, xdata)−Weld||22 = min

x

∑
i

(TSH(x, xdata)−Weld)2, (7.2)

with the fitting parameters x = {A,m, n}, the data from the experiments
xdata = {η, ϑ̄, T, ε}, and:

Weld =

{
1 for welded specimens
0 for not welded specimens

(7.3)

the parameters can be retrieved. Since the stress triaxiality in the SSB-DIL
experiments is not constant along the welding interface during the deformation,
the point in the core of the specimen is considered as evaluation location
and the history of the triaxiality averaged: ηavg = −0.465. As previously
described, since all experiments show a similar behaviour, the latter value
has been applied for all experiments during the fit of the parameters. In
Table 7.1, the fitting parameters with different chosen triaxialities for the fit
is shown, where η = −0.33 would consider the triaxiality at the beginning
of the deformation, η = −0.6 at the end and η = −0.465 the average value.
Differently, the Lode angle, at the core, is continuously ϑ̄ = −1 during the
entire deformation.

η [−] A [K] m [−] n [−]

−0.33 150.4692 6.1098 3.1892
−0.465 145.5428 6.6316 3.1951
−0.60 143.5540 6.9626 3.1981

Table 7.1: Fitting parameters A,m, n at different values of triaxiality η.

Fig. 7.6 displays the model at η = −0.465 and ϑ̄ = −1. It can be seen
how the welding surface correctly increases as both temperature and strain
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grow. Furthermore, the welding limiting value can be extracted (see Fig. 7.7),
leading to a minimal value in the range 0.6 ≤ TSH ≤ 0.82 value for achieving
bonding conditions (whereby TSH = 0.82 has been chosen in combination
with the extrusion trials) within the temperature range 450◦C ≤ T ≤ 550◦C,
which represents the extrusion application range of aluminium alloys.

Figure 7.6: TSH-criterion at η = −0.465 and ϑ̄ = −1.

(a) ε̇ = 0.2 1
s
. (b) ε̇ = 10 1

s
.

Figure 7.7: TSH-criterion at η = −0.465 and ϑ̄ = −1. The first welded
(green) and the non-welded (red) trials have been displayed.
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In Figure 7.8 the dependency to the stress triaxiality can be observed: as in
the Q-, K- and J- criterion, the dependency of TSH from the stress triaxiality
is considered to be linear. With lower triaxialities, bonding conditions can be
achieved faster and therefore higher TSH-values are integrated for the same
strain values. In Appendix 10.9, it is described how the model changes for

Figure 7.8: TSH-criterion at T = 550◦C and ϑ̄ = −1.

Figure 7.9: TSH-criterion at T = 550◦C and ϑ̄ = −1.
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7.1 Implementation in PF-Extrude

variations of the parameters A, m and n.

7.1 Implementation in PF-Extrude

To facilitate the computation of the integral over dε, the incremental form of
the TSH-criterion has been implemented in PF-Extrude:

TSH =
∑
∀i>0

ηti · exp

(
Tti
A

)
·

·
[

1

1 + exp(−n · εti +m)
− 1

1 + exp(−n · εti−1 +m)

]
· ϑ̄, (7.4)

for η < 0 and ϑ̄ < 0 (as explained at the beginning of the chapter). As the
particles flow in direction of the outlet of the die, the TSH-criterion is com-
puted for each particle crossing a welding zone after each integration step.
The integration is completed once the particles reach the extruded profile (see
Chapter 4).

Summary of chapter

In this chapter, a novel mathematical description (TSH) to describe the weld-
ing condition has been introduced. This describes the welding condition based
on the deformation (experienced by the contacting interface), the temperature
and the stress condition (described by means of the triaxiality value η). Fur-
ther, it introduces the importance of the Lode angle ϑ̄ in the description of
the stress state. In detail, the Lode angle has been introduced as a scaling
factor, where small values contribute more to the bonding process, while in
contrast, larger values contribute less. From the experimental findings of the
SSB-DIL experiments, the fitting parameters of the TSH-criterion could have
been calculated specifically for the AA6060. Finally, the implementation of
the criterion in PF-Extrude have been described.
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8 Extrusion trials for analysis of
seam welds

Extrusion trials with a benchmark tool (see Figure 8.1) have been conducted.
A set of extrusion dies have been designed in order to reach a critical state,
where a partially unbonded seam weld could be produced. This allows the
investigation of the stress state that arises within the die, as a defect is being
produced. Further, the profiles have been both optically characterized and me-
chanically tested by machining tensile specimens with two different geometries
and configurations.

Figure 8.1: Benchmark tool for analysis of seam welds.

8.1 Design of tools and trials

The profile of rectangular shape (see Fig. 8.2) has been extruded with a
porthole-die configuration (see Fig. 8.3), which is normally used for hollow pro-
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8.1 Design of tools and trials

files (where an outer as well as an inner contour must be produced). With such
a setup, material from the billet is divided in two material streams through two
portholes, which are separated by a bridge in the middle. The two streams
reunite and join in the welding chamber before being extruded through the
rectangular outlet of the die. The geometry of the profile has been designed
to achieve a low extrusion ratio ER = Acontainer/Aprofile = 14.8 (typical values
for hard alloys is up to ER = 40 [MK05], while soft alloys can be extruded
at even higher ratios). This generates lower required hydrostatic pressures to
form the material and thereby larger (but still negative) values of stress tri-
axiality. Moreover, two geometrical design parameters have been taken into
consideration: the depth of the welding chamber and the width of the bridge.
The punch velocity has also been varied in order to analyze possible defects
between the different extrusion speeds.

Figure 8.2: Section of benchmark profile for investigation of seam welds.

Figure 8.3: Flow volume of the tools.

The geometry of the bearing, the outer contour of the portholes, as well
as the ER have been held constant for all trials since profile and container
have not been changed between the trials. Four different geometries of the
welding chamber (h = 30, 25, 20, 10 mm), while two different bridges of width
w = 24, 44 mm have been tested. Moreover, two different velocities have been
taken into consideration vPunch = 2 and 10 mm s−1. In order to mechanically
test the specimens and quantitatively compare the welding condition of the
profiles, a reference situation has also been extruded, where the same profile

130



8.2 Analysis of extruded profiles

has been manufactured without a porthole die (i.e. a full profile, trials 6.1 and
6.2). The full DOE can be seen in the following Table 8.1, where all conducted
trials are reported.

Trial h [mm] w [mm] vPunch [mm s−1] TBillet [◦C] Welded

1.1 30 24 2 490 Yes
1.2 30 24 6 490 Yes
2.1 25 24 2 490 Yes
2.2 25 24 6 490 Yes
3.1 20 24 2 475 Yes
3.2 20 24 10 475 Yes
4.1 10 24 2 475 Partially
4.2 10 24 10 475 Partially
5.1 30 44 2 475 Yes
5.2 30 44 10 475 Yes
6.1 - - 2 475 -
6.2 - - 10 475 -

Table 8.1: DOE of extrusion trials: h represents the depth of the welding
chamber, w the width of the bridge.

8.2 Analysis of extruded profiles

All trials have been conducted with a starting tool temperature of TTools =
475◦C and the acceleration time of the punch kept to a minimum, such that a
fair comparison with the FE-simulations, where the maximum force is achieved
immediately, can be performed.
All extruded profiles have been sectioned at the beginning and in the middle of
the profile. Further, each section has been inspected optically and investigated
after possible internal defects (voids at the welding interface).
All profiles showed no visible defect within the region of the seam weld with
exception of trials 4.1 and 4.2 (with a depth of the welding chamber h = 10
mm), where a visible void in the middle of the profile has been found. This
locates the transition from no-void to void-formation between trials 3.x with a
welding chamber of h = 20 mm (see Fig. 8.4) and 4.x (see Fig. 8.5), whereby
no evident differences between the different velocities can be noticed.
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8.2 Analysis of extruded profiles

(a) Trial 3.1 with h = 20 mm and vPunch = 2 mm s−1.

(b) Trial 3.2 with h = 20 mm and vPunch = 10 mm s−1.

Figure 8.4: Bonded interface of trial 3.x. Displayed are the profiles and the
respective sections

(a) Trial 4.1 with h = 10 mm and vPunch = 2 mm s−1.

(b) Trial 4.2 with h = 10 mm and vPunch = 10 mm s−1.

Figure 8.5: Partially bonded interface of trial 4.x. Displayed are the profiles
and the respective sections.
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8.2 Analysis of extruded profiles

As it can be seen in Fig. 8.5, it is clearly visible that the void is formed at the
welding interface and in the core of the profile, while in contrast, the upper and
lower region of the profile at the location of the void, shows bonding condition
as no macro-void can be observed.
To investigate the bonding region, SEM analysis of a section of profile 1.1
has been carried out. Thereby, a section of the bonding region has been
grinded, polished and finally half of the resulting specimen etched in a solution
comprising 1 kg H2O, 50 g NaOH and 50 g Alfisatin (etching additive). Fig. 8.6
shows the half-etched specimen. It is possible to notice that, after the etching
process, the welding interface is clearly visible in the form of a long void. This
is due to the fact that the etching process dissolves intra-metallic elements
which accumulate at the interface. EDX analysis has been conducted at the
transition point of the unveiled seam weld. Evident traces of Si, Fe, and in
smaller proportion, of magnesium Mg can be detected within the void.

Figure 8.6: SEM analysis of extruded profile 1.1.

(a) Al. (b) Si. (c) Fe.

Figure 8.7: EDX analysis of extruded profile 1.1, marked area in Fig. 8.6
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8.2 Analysis of extruded profiles

8.2.1 Mechanical testing of extruded profiles

Sections extracted from the extruded profiles have have been machined in the
shape of tensile tests, such that the mechanical conditions of the different ex-
trudates can be investigated. For each tested profile, two geometries, A and
B (see Fig. 8.8a and 8.8b), have been considered (see CAD geometries in Ap-
pendix 10.10). Shape A has been produced as described in [DINb]; shape B
has been designed such that forces are concentrated specifically in the welding
region. Moreover, the specimens have been extracted in two different configu-
rations. The first one, transverse, requires the specimen to be extracted from
the cross-section of the profiles. On the other hand, the second configuration,
flat, requires the extraction of the specimens parallel to the surface of the
profile.

(a) Shape A [DINb]. (b) Shape B.

Figure 8.8: Arrangement of tensile tests.

The tensile tests have been performed with a ZwickRoell machine (BZ1-MMRM
050.ST02), where the extensometers has been applied directly to the specimen,
such that an accurate measurement of the elongation during the deformation
can be conducted. Knowing the geometry of the specimen (initial length L0,
width w0 and depth d0 and therefore, A0 = w0 · d0), it is possible to calculate
the engineering strain εeng [%]:

εeng =
∆L

L0
· 100, (8.1)

L being measured during the execution of the experiment. Ultimately, the
engineering stress σeng can be found:

σeng =
F

A0
, (8.2)
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8.2 Analysis of extruded profiles

where, the force F is recorded from the tensile machine during the test.
From the results (see Fig. 8.9), it can be observed that the ultimate tensile
strength UTS of all specimens does not deviate strongly (UTS = 163.8 MPa±
4.8%) and no major differences can be noticed between the two different con-
figurations (transverse and flat).

Figure 8.9: Results of tensile tests of extruded profiles. Marked red are the
specimens 3.x exhibiting brittle fracture.

Differences in elongations at fracture has been noticed between the specimens
due to the different positioning of the estensiometer1. Within the transverse
specimens, it has been observed that the elongation at fracture of specimens
from trial 1.2 (with the longest welding chamber) has been the highest overall.
Moreover, specimen 1.2-Transverse-Shape A (see Fig. 8.10c) exhibits necking
on both left and right side (where fracture ultimately occurred) of the seam
weld. An important difference between the specimens could be noticed in the
type of fracture that occurs. All specimens experience a ductile fracture notice-
able from the elongated dimples on the fracture surface, except for specimens
from trials 3.x (with a welding chamber h = 20 mm), where the interface shows
clearly a brittle fracture, given the lack of dimples and smooth surface (see

1Due to the geometry of the specimen, the estensiometer has been applied outside of the
homogeneous zone and therefore, averaged strain values have been calculated
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8.2 Analysis of extruded profiles

Fig. 8.10e and 8.10f). In detail, it can be seen in Fig. 8.10e, that the welding
interface shows signs of ductile fracture on the sides (close to the outer sur-
face), while the core exhibits a brittle fracture. This analysis shows that, after

(a) Trial 6.2 - Shape A - Transverse (full profile, vPunch = 10 mm
s

).

(b) Trial 6.2 - Shape B - Transverse (full profile, vPunch = 10 mm
s

).

(c) Trial 1.2 - Shape A - Transverse (h = 30 mm, vPunch = 6 mm
s

).

(d) Trial 1.2 - Shape B - Transverse (h = 30 mm, vPunch = 6 mm
s

).

(e) Trial 3.2 - Shape A - Transverse (h = 20 mm, vPunch = 10 mm
s

).

(f) Trial 3.2 - Shape B - Flat (h = 20 mm, vPunch = 10 mm
s

).

Figure 8.10: Tensile tests after experiments and their fracture surfaces.
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8.3 Virtual comparison with PF-Extrude

a void closure is achieved, different quality grades can be reached depending
on the geometry of the die.
A first quality transition is accomplished when no macro-void is formed in the
profile as shown with the transition between trial 3.x and 4.x; further, a second
quality transition is achieved by the type of fracture surface: from brittle to
ductile as resulted on the fracture surface of trial 3.2.

8.3 Virtual comparison with PF-Extrude

The conducted extrusion trials have been simulated with the FE-code PF-
Extrude (see Fig. 8.11) and, with the integrated SWA algorithm (refer to Sec-
tion 4.5), the welding condition at the bonding interface could be evaluated
with the different quality criteria. Material and friction behaviors have been
modeled as described in Section 3.5 and the process parameters have been set
according to each trial. All flow-volumes have been discretized with the com-
mercial software Siemens NX (see Section 3.4). Moreover, as the investigation
of the profile head is not required, all simulations have been calculated with
the long-stationary option, which does not create new elements as the profile
would be extruded, but only updates the results as the simulation progresses
(see Fig. 8.11). This allows the calculation of longer process-times as the num-
ber of elements does not increase, reducing the computational effort.

Figure 8.11: Velocity field of trial 1.1 at beginning of simulation.

In Fig. 8.12, the maximal punch forces reached during the simulation and
the experimental trials have been compared for validation. These are in good
agreement to one-another, except for trial 3.2, where the punch acceleration
time has been much longer than the other trials during the pressing process.
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8.3 Virtual comparison with PF-Extrude

Figure 8.12: Comparison of max. forces of experimental trial and FE-
simulation with PF-Extrude.

This causes lower strain rates in the material, leading to lower press forces.
As the SWA algorithm is called for the first time, the search for the welding
zone is started. From the path described by the particles, it can be observed
how these follow the inner surface of the tools and those, following the geometry
of the bridge, join to locate the seam weld precisely in the middle of the profile
(see Fig. 8.13). Additionally, while the particles converge to the location of

Figure 8.13: Particles at different integration increments of the SWA algo-
rithm for trial 1.1.

the seam weld, the welding zone is realistically extracted, covering the area
at the front tip of the bridge up to the last nodes of the bearing (see Fig.
8.14). This represents the region within the die, where the two material fluxes
from the portholes, which is available to form a sound bond. Moreover, the
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8.3 Virtual comparison with PF-Extrude

extracted region unveils the DMZ of the die (next to the outlet of the die),
that the particles cannot reach while following the simulated velocity field and
therefore do not contribute to the weld formation process.

Figure 8.14: Welding zone of trial 1.1 extracted through SWA algorithm.

Further, the SWA algorithm activates the second particle-tracking phase, which
enables the evaluation of quality criteria, being the welding zone known at this
stage. The four integrated quality evaluations (as described in Ch. 6 and 7)

Q =

∫
η dt, (8.3) K =

∫
η dl, (8.4) J =

∫
η exp

(
RT

QD

)
dε, (8.5)

TSH =

∫
η · exp

(
T

A

)
·

[
n · exp(m− n · ε)

(1 + exp(m− n · ε))2

]
· ϑ̄ dε, (8.6)

rely on the evaluation of the stress triaxiality η, and in addition, the TSH-
criterion also on the Lode angle ϑ̄ = −L.

Figure 8.15: Section of flow volume at position of welding zone.

In order to analyze how the latter parameters behave over time, the results of
the simulations have been evaluated at the beginning and at the end (see Tab.
8.2). The analysis of stress triaxiality and Lode parameter at the welding
interface show that both parameters remain fairly constant throughout the
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8.3 Virtual comparison with PF-Extrude

Inc. 2 90 2 90

Trial
4.1

Table 8.2: Triaxiality and Lode parameter of 4.1 trial at beginning and end
of simulation at section of welding zone (see Fig. 8.15).

simulation time, which sets great weight on the geometry of the extrusion die
during the design phase, as changes downstream can only be achieved with
costly efforts.
Within the extrusion die a compression stress state is normally created during
the deformation of the material, such that the material from the billet flows in
the die and obtains the shape of the profile. This is visible in all simulations
where no defect is being produced, while at the outlet of the die, as the profile
is shaped, positive stress triaxialities are formed at the regions in contact with
the bearing.
From trial 3.x, on the other hand, it is possible to notice the formation of a
tensile stress-state at the tip of the bridge (see Tab. 8.3). In reality, such a
condition would result in a void, which can cause the creation of oxides at the
contacting surfaces of the aluminium streams, reducing the welding condition
[YZ17]. As the simulations are based on a non-deformable eulerian mesh, the
solution delivers the formation of a region under tensile-state. This region
starts to be visible from trials 3.x and is clearly noticeable in trials 4.x (see
Tab. 8.4). Due to the fact that positive triaxiality does not support bonding of
material, since a compression against the contacting interface is required, this
does not join and thus forms a void. The results of the Lode parameter in the
welding region show generally positive values (L = 1 represents axial symmetry
compression), while the core region, at the transition between welding chamber
and bearing region, shows negative values (L = −1 represents axial symmetry
tension) as the profile exits the die. Moreover, this negative region increases
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8.3 Virtual comparison with PF-Extrude

Trial

x.1 x.2 x.1 x.2

1.x

2.x

3.x

4.x

5.x

Table 8.3: Triaxiality and Lode parameter of benchmark trials at section of
welding zone (see Fig. 8.15).

141



8.3 Virtual comparison with PF-Extrude

as the welding chamber length is reduced. Differently, the distribution of Lode
parameter is not sensitive to changes in the velocity of the material due to a
punch speed variation.

Figure 8.16: Section of flow volume at position of welding zone

Trial

3.1

4.1

Table 8.4: Triaxiality and Lode parameter of benchmark trials at section of
welding zone (see Fig. 8.16).

8.3.1 Evaluation of welding criteria

The Q-criterion relies on the integration of stress triaxiality over the contact
time of the material streams in the welding zone. In detail, there are four effects
that determine the residence time of material in the welding region. Firstly,
the length of the welding chamber determines the duration of the contact.
Secondly, the faster the punch compresses the billet, the shorter the contact
time results in the welding chamber. Further, it must be considered that the
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8.3 Virtual comparison with PF-Extrude

(a) Trial 1.1 (b) 2.1 (c) 3.1 (d) 4.1 (e) 3.2

Figure 8.17: Elapsed time in welding zone and evaluation of Q-criterion with
threshold Q = 0.454.

longer the welding chamber is designed, the slower the material flows within
the die and therewith, the velocities are reduced. This effect is attributed to
the conservation of mass: as the profile exit-velocity is determined by the ER,
an increase of the die volume (due to a longer welding chamber ) must slow
down the stream within the die, as otherwise conservation of mass would not
hold. Finally, the presence of a void formation in front of the tip of the bridge
causes the length of the welding zone to reduce, leading to shorter residence
times of the material within this region. In Fig. 8.17, it is possible to notice
that material close to the surface of the profile have generally a higher residence
time in the welding region, while in contrast shorter times are registered in
the core of the profile. Further the residence time decreases as the welding
chamber is reduced (see trial 1.1 to 4.1). The problems raised in Section 6.2.3,
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8.3 Virtual comparison with PF-Extrude

could be reproduced in the simulation of the benchmark tool: trial 3.2, at the
punch velocity vPunch = 10 mm s−1 but with the same die configuration of
trial 1.1, shows much lower Q-values in comparison to trial 3.1 (at the punch
velocity vPunch = 2 mm s−1). Moreover, it shows similarities to trial 4.1 (with
a void in the core). This shows the limitation of the Q-criterion, which predicts
the formation of the void already in trial 3.2.

(a) Trial 1.1 (b) 2.1 (c) 3.1 (d) 4.1

Figure 8.18: Distance covered in welding zone and evaluation of K-criterion.

Differently, the K-criterion relies on the integration of the stress triaxiality over
the distance covered by the material in contact within the welding zone. In
this case, the criterion is independent from the process variables (as the punch
speed) but relies only on the geometry of the extrusion die. This means that
no difference between trials at different punch speeds are to be noticed. In Fig.
8.18, the simulations of the trials at vPunch = 2 mm s−1 show that as the length
of the welding chamber is reduced, a decrease of the K-values is observed. In
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contrast to the other criteria, the K-criterion integrates higher values in the
core of the profile. This is due to the fact that the distance covered within the
welding zone and, at the same time, with a pressure stress condition (η < 0),
is longer in the core as it is for regions close to the surface of the profile (see
Table 8.3). This is closely linked with the boundary conditions set in the
FE-code: differently to other software, in PF-Extrude tensile stress conditions
within the discretized region are allowed. This leads to the limitation of the
K-value in predicting the void formation in the core of the profile.

(a) Trial 1.1 (b) 2.1 (c) 3.1 (d) 4.1

Figure 8.19: Accumulated strain in welding zone and J-criterion evaluation.

The J-criterion integrates the stress triaxiality over each strain increment and
scales the resulting value with an exponential function of the temperature.
Similar to the K-criterion, the latter relies as well on the geometry of the die,
meaning that no noticeable differences could be observed between trials at dif-
ferent punch velocities. By observing the accumulated strains by the particles
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(a) Inc. 1 (b) Inc. 20 (c) Inc. 40 (d) Inc. 60 (e) Inc. 80

Figure 8.20: J-criterion evaluation of benchmark profile at different itera-
tions of simulation of trial 4.1.

at the profile section, it is visible that those landing close to the surface of the
profile reach higher values than those reaching the core region. This is due
to the fact that material close to the outer regions of the profile experience
higher deformations than material within the core region. Moreover, as the
welding chamber is reduced, the stress state in the welding region changes (ten-
sile states are created at the tip of the bridge) and the flowing paths shorten,
the accumulated strains in the welding region decrease. Nevertheless, particles
close to the outer regions experience higher strains than those in the core. This
leads to the agreement with the experimental trials where the void appears in
trial 4.1 in the core of the profile.
In Section 6.2.3, a lower bound for the J-criterion could be determined: within
the working temperatures of extrusion processes (450◦C ≤ T ≤ 550◦C), the
calculated J-value is J = 0.251. This value has been used as the lower thresh-
old for the FE-simulations of the benchmark tools. The results (see Fig. 8.20)
over the entire simulation show that after the 20th iteration, the evaluation of
the seam weld converges to a stable solution. Thereby, it is clearly visible that
a void in the core of the profile is predicted, in agreement with the trial runs
and in line with the findings, showing better welding conditions in the regions
close to the surface of the profile.
Regarding the TSH-criterion, two thresholds have been implemented: TSH =
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0.6, which represents a mid-value, and TSH = 0.82, which, in comparison
to the results of SSB-DIL experiments, represents a more conservative value
(see Tab. 8.5). Both thresholds show a similar trend to the J-criterion: being
the integration variable the strain, regions where material experienced higher
deformations, accumulate higher values. The core region shows evidently the
formation of a central void.
The thresholds show similarities, although with TSH = 0.6, differences in the
upper region of the weld can be noticed: the profile being symmetrical in re-
spect to the Z-Y plane (as shown Fig. 8.16), a symmetrical void formation in
the simulation is expected. As this is expected, the integrated values at the
transition point of the upper region lie close to the lower threshold. More-
over, differences can be expected due to the configuration of the mesh within
the flow-volume: this is being created as an unstructured grid, whereby the
internal configuration can result in a non-symmetrical design, leading to pos-
sible larger elements in some regions. The fact, that triaxiality and Lode are
evaluated on the elements, can lead to numerical noise, which in turn leads
to differences between the upper and lower region of the seam weld, even if
limited.

Trial 4.1 Trial 4.2

TSH ≥ 0.6 TSH ≥ 0.82 TSH ≥ 0.6 TSH ≥ 0.82

Table 8.5: TSH-criterion at threshold 0.6 and 0.82 for trial 4.1 and 4.2 after
first SWA routine execution.
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(a) Inc. 1 (b) Inc. 20 (c) Inc. 40 (d) Inc. 60 (e) Inc. 80

Figure 8.21: TSH-criterion evaluation of benchmark profile 4.1 at different
iterations of simulations.

(a) Extrudate. (b) TSH (c) J

Figure 8.22: Comparison of criteria with extrudate of trial 4.1.
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The results over the iterations (see Fig. 8.21) show that after the 20th itera-
tion the SWA converges to a stable result; the TSH-value being at the upper
transition point close to the threshold-value, iteration 20 has been used as
reference result for further analysis.
The J-criterion and TSH-criterion are in agreement with the experimental tri-
als in correctly predicting the position of the void within the core of the profile.
Further, as they rely on the integration over the strain increments, both show
an increasing trend in the resulting value along the seam weld, as the surface
of the profile is approached. A geometrical comparison of the shape of the
void shows that the results of the TSH-criterion lie closer to the reality than
the J-criterion (see Fig. 8.22). This is a qualitative analysis as both criteria
are evaluated in connection to the nodes of the mesh of the profile section.

8.4 Comparison with literature

Figure 8.23: Reproduction of geometry described in [dBWSK14]
.

In [dBWSK14], den Bakker et al. described experimental laboratory tests,
where full profiles of rectangular shape (see Fig. 8.23) have been extruded by
means of a bridge-die (see Chapter 2). In the study, the configuration with a
welding chamber length of 2 mm produced the formation of a void in the core
of the profile. This is consistent with the benchmark trials 4.x conducted in
this study, where the regions close to the surface of the profile showed clear
bonding conditions, while a void formed in the core. The geometry could have
been reproduced and discretized in order to be simulated with PF-Extrude
and analyzed with the SWA algorithm. The simulation has been conducted
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with a punch speed vPunch = 1 mm s−1 and with a starting container and billet
temperature of T = 450◦C. The material has been modelled by means of the
Zener-Hollomon-Tong description as described in Section 6.1.3, while shear
friction with m = 0.9 has been applied for the contact regions. An analysis

Figure 8.24: Triaxiality η and Lode parameter L in the welding region of the
geometry.

of the welding region (Y-Z section in the middle of the profile, see Fig. 8.24),
shows that similar stress triaxiality values are reached in the region close to
the outlet of the die in comparison to trial 4.x. Moreover, it is visible how
the stress triaxiality assumes positive values as the profile is exiting the die, as
well as values close to η = 0, in the region in front of the tip of the bridge. On
the other hand, higher values are reached in the remaining regions of the weld-
ing interface, which still contribute to the welding process of the two material
streams. A similar behaviour to trial 4.x has been seen in consideration to the
Lode parameter. Mainly positive values of the parameter have been calculated
throughout the interface, while values close to L = 0 have been observed in
the core region of the profile at the outlet of the die. This is also in accordance
with the simulations of trial 4.x.
Further, the SWA algorithm has been used to evaluate the bonding condition
of the seam weld in the simulated geometry: as for the benchmark trials (de-
scribed in Section 8.3.1), the J-criterion has been evaluated with a threshold
J = 0.251, while for the TSH-criterion with a threshold TSH = 0.6. While
the configuration of the results fluctuate between the results of the two incre-
ments shown in Fig. 8.25 throughout the simulation, the results are in good
agreement with the described experiment in the study of den Bakker as the
position and size of the center-void could be correctly predicted. In this case,
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Figure 8.25: SWA with PF-extrude and experimental result from
[dBWSK14].

both the J- and TSH- criterion are in good accordance with the experimental
trials and deliver comparable results for the evaluated thresholds.

Summary of chapter

In this chapter the validation trials by means of a benchmark tool have been
described. Thereby, a full rectangular profile has been extruded by means of a
die equipped with a central bridge (therefore, with two separated portholes),
which forms a seam weld in the center of the extrudate. Configurations of
the die with different depths of the welding chamber and two different widths
of the bridge have been used in the trials. Moreover, the trials have been
conducted at two punch velocities in order to analyze the bonding condition
at different strain rates. The trials with the smallest depth of the welding
chamber showed the formation of a core void, where the material welded only
partially. Further, tensile specimens have been machined from the profiles with
bonded welds. The tensile tests showed that for a certain configuration of the
die (trials 3.x with a welding chamber length of 20 mm), a brittle fracture has
been noticed. This leads to the conclusion that even after bonding occurred,
further higher quality degrees of the bonding condition still can be achieved.
Moreover, the trials have been virtually analyzed in PF-Extrude with the im-
plemented SWA algorithm. The results showed good agreement of the J- and
TSH-criterion with the trials, whereby the latter delivered results qualitatively
closer to reality. On the other hand, limitations of the Q- and K- criterion have
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been explained.
Finally, a comparison with a literature example has been conducted, where the
J- and the TSH- criterion also showed good agreement with the experimental
results.
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9 Conclusions and outlook

9.1 Summary and conclusions

Virtual analysis of both the charge weld and seam welds have been conducted.
In the first place, in order to realistically simulate the extrusion process, the
material behaviour of AA6060 has been investigated: the flow curves of the
alloy have been retrieved by means of hot-compression tests and the tribolog-
ical behaviour by means of tribo-torsion experiments.
A particle-tracking algorithm has been programmed and implemented in the
special-purpose FE-code PF-Extrude in order to be used in a virtual charge-
weld and seam-welds analysis routine. The two different types of weld, oc-
curring during the extrusion process, can be therewith analyzed and for the
charge weld in particular:

• the evolution of the charge weld can be tracked by following the material
stream retrieved from the FE-simulation;

• the elongation of the charge weld can be identified by analyzing the filling
grade by material from the new billet at the profile section. This can
be both be evaluated through the identification of the covered area by
particles, as well as through the counts of new particles exiting the outlet
of the die.

Since the charge weld causes a high amount of scrap material each time a new
billet is being pressed, it is important to reduce its evolution to a minimum. An
analysis of a typical industrial profile, showed potential to reduce the length
of scrap material pressed by reducing the size of the die. Therefore, the ve-
locity of the material, within the die, is increased and favours the discharge of
material from previous billets. As this happens, material from the new billet
reaches more rapidly the extrudate, reducing the length of the charge weld.
Although this shows advantages in terms of process efficiency (by increasing
the amount of product manufactured), it is important to notice, that as the
velocity of material inside the die is increased, more heat is generated causing
the temperature of the profile to increase as well. A trade-off must be met
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between the two objectives: this shows the essential aspect of conducting FE-
simulations of the process to find the optimal pressing conditions regarding
the geometry of the die, as well as of the process parameters (punch velocity,
temperature of billet and tools).
Regarding the algorithm for the analysis of the seam welds:

• the portholes can be rapidly identified and the boundary elements (rel-
evant for the seam welds) isolated;

• through a first particle-tracking, the welding regions where material from
the portholes join, can be effectively extracted. It is important to de-
termine the exact shape and location of the welding region, as this can
assume complex shapes due to imbalances in the velocity field;

• after the first particle-tracking, the position of the welds at the cross-
section of the profile can be determined. Due to the complex velocity
field, the position of the welds can shift from the alignment with the
bridges of the die. Therefore, it is important to correctly visualize the
seam welds and avoid non-optimal locations (due to design or mechanical
constraints);

• a second particle-tracking is started to evaluate the bonding condition
at the interface of the welds. Thereby, as the particles enter a welding
region, quality criteria are evaluated.

Further, in order to retrieve the bonding limits to be integrated in the SWA
algorithm, a novel experiment has been introduced, inspired by the cup-
backwards-extrusion process: two AA6060 specimens, which fit in one another,
are positioned in a heated container and compressed by a punch. The resulting
welding interface has been optically investigated and in a second step analyzed
by means of hardness tests. The results showed that regions, where the de-
formation has been higher (close to the punch surface), showed improvements
in bonding conditions. Ultimately, the conducted SNR analysis showed that
higher temperature and longer punch strokes (therefore deformation) led to an
increased hardness of the welded interface (evaluated with the hardness after
Vickers). As this is true, the formation of oxides during the heating phase of
the specimens prevented further evaluations of the bonding condition at the
contacting interface of the two specimens.
In order to avoid problems due to oxidation, a second set of experiments have
been conducted with a dilatometer machine: two cylindrical specimens have
been compressed at different strain rates, temperatures and up to specific
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amounts of strain. Visual inspections of the welding interface allowed the
retrieval of bonding limit conditions. The experiments have been virtually re-
produced in order to evaluate the Q-, K- and J-criteria. Thereby, it has been
concluded that:

• the Q-criterion shows limitations due to the time dependency, as it in-
tegrates different values for specimens at different strain rates, which in
reality show similar bonding conditions;

• the K-criterion shows limitations in this specific application as it in-
tegrates lower values in the core of the specimen, where in reality all
specimens showed bonding conditions;

• the J-criterion shows good accordance with the experimental trials be-
tween 450◦C ≤ T ≤ 550◦C, which represents the range at which the
extrusion process takes place. Within this range, a threshold for the J-
criterion has been found: J = 0.251. As lower temperatures are reached,
the J-criterion shows deviations from the reality.

The SSB-DIL compression experiments have been adopted for the evaluation
of the novel Temperature-Strain-Hydrostatic pressure (TSH)-criterion. The
TSH-criterion introduces as a scaling parameter the Lode angle: the com-
pression tests being at a Lode angle ϑ̄ = −1, the values integrated must
always be scaled to this specific value. This means that in the TSH-criterion
stress-states with Lode angle ϑ̄ > −1 contribute linearly less to the welding
process. Moreover, the coefficients A,m, n have been fitted, such that the
model predicts the conditions at which welding conditions appear. Finally,
the thresholds for bonding conditions to occur have been found within the
range 0.6 ≤ TSH ≤ 0.82.
All the criteria have been implemented in the SWA algorithm in PF-Extrude
and evaluated for a benchmark tool. This consists of the extrusion of a rectan-
gular full profile by means of portholes-die set-up, allowing the analysis of the
seam weld formed in the middle of the profile. Multiple configurations with
different length of the welding chambers have been tested, which led to the
extrusion of a profile with a central void defect, showing evidently no-welding
conditions. Tensile tests have been machined from the remaining extruded
profiles and results showed different fracture modes as the welding chamber
is reduced: trial 3.x shows clear evidences of brittle fracture. This leads to
the conclusion that two different quality transitions can be achieved: the first
quality transition occurs as the central void is closed and the contacting sur-
faces start to show bonding conditions. The second quality transition occurs
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when a welding condition is achieved, such that a ductile fracture occurs when
mechanically tested. On the basis of the SSB-DIL results, the TSH-criterion
has been designed to detect the first quality transition. In outlook, the set-up
of the SSB-DIL experiments can be modified such that the resulting specimens
can be mechanically tested: in such way, it would be possible to extend the
available evaluation points for the fitting of the TSH-parameters. Further, the
experimental set-up should be modified, such that different stress-states could
be analyzed. Of great importance is the possibility of retrieving the bonding
conditions at different combinations of triaxiality and Lode angle, in order
to better model the Lode angle dependency. E.g. a plane strain compression
test with initially two separated plates or notched round bars with initially
separated specimens could be conducted. These experiments shall be always
conducted in vacuum, such that oxidation on the bonding interface is reduced
and the bonding conditions realistically analyzed.
In a latter validation phase, the extrusion trials have been simulated and the
criteria compared:

• the Q-criterion predicts the formation of a central-void already in trials
with longer welding chamber (the first occurrence of the central void is
actually in trial 4.x, which has been equipped with the shortest welding
chamber h = 10 mm);

• the K-criterion predicts lower welding conditions in the boundary regions
of the seam weld, while in reality these regions showed clear signs of
bonding;

• the J-criterion is in accordance with the appearance, but over-estimates
the shape of the central-void;

• the TSH-criterion has been able to both predict the configuration of
the die leading to the central-void, as well as to qualitatively better
approximate the size of the void in the core.

A comparison to results from the literature has also been conducted: in the
research by den Bakker et al. [dBWSK14], a similar extrusion set-up (but on
a laboratory scale) has been conducted and a specific configuration (with a
reduced length of the welding chamber) of the die led to the formation of a
central-void. The geometry of this trial has been reproduced and simulated
with PF-Extrude. In this specific case, both the J-criterion and TSH-criterion
delivered comparable results, in very good agreement with the experimental
trial.
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In outlook, the validation experiments can be simplified in order to reduce
the number of trials to be conducted. Thereby, a die can be designed, where
multiple rectangular profiles are extruded. Thereby, the die is equipped with
multiple bridges, forming a seam weld in the center of each profile. Moreover,
each profile are extruded with different lengths of the welding chamber, to
analyze when partially bonded seam welds occur. The challenge therein is
to design the position of the bridges in such way that the welds are exactly
located in the middle, as these can shift position due to the presence of multiple
material streams (through the portholes).

9.2 Opportunities in optimization of extrusion
process

As extruders are increasingly pressed to reduce manufacturing costs, while still
delivering high quality products, optimization of the extrusion dies represents
an opportunity for reducing the number of trials required, and at the same
time, keep the amount of scrap material to a minimum. By reaching these two
objectives, the efficiency of the process can be maximized. FE-software play
an essential role in the strive to reach such optimization of extrusion dies: the
simulation of the designed extrusion dies can be already tested during the de-
sign phase. This is already implemented within the industry, but still relies on
many time-consuming design cycles, where each time the CAD geometry must
be changed, re-meshed for the simulation and finally post-processed. These
operations require the most amount of time during optimization cycles. For
this reason the software ExtOpt has been programmed, that can help the user
to optimize an extrusion die: it is possible to import the mesh of the flow vol-
ume of an extrusion die only once and easily define regions of interest (e.g. the
welding chamber). Further, by means of mesh-morphing these regions can be
extended or reduced allowing the user to insert a range of values to be tested.
Thereby, the CAD geometry and the mesh do not have to be redesigned at
every optimization cycle, instead ExtOpt modifies directly the mesh of the
simulation. In Fig. 9.1, it is possible to observe how the mesh of a specific
region of the pocket of an extrusion die is reduced by directly modifying the
given mesh. Therefore, if the mesh becomes distorted due to the excessive
morphing process, a re-meshing routine is called to redefine the elements and
avoid a bad quality discretization, which can potentially lead to misleading re-
sults. Further, objectives can be defined, such as the elongation of the charge
weld, the quality of the welds or the velocity gradient at the profile section to
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(a) Before morphing operation. (b) After morphing operation.

Figure 9.1: Mesh-morphing conducted on the mesh of an extrusion die.

avoid distortion of the profile.
With the inputs of the user, ExtOpt prepares automatically a DOE and starts
the simulation with PF-Extrude. Finally, only the targeted results are read
by the software and displayed on the interface (see Fig. 9.2).
Although being in the prototyping phase, ExtOpt shows potential to increase
the application of FE-simulations within the industry. In outlook, the software

Figure 9.2: Results window of ExtOpt. VRD represents the velocity relative
difference.

can be programmed to conduct optimization tasks: e.g. the software can op-
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timize the elongation of the charge weld by reducing the length of the welding
chamber, but at the same time achieve a sufficient welding quality of the seam
welds.
Since die manufactures are often pressed to deliver a high amount of dies,
which must perform optimally, it is critical that the development of FE-tools
includes a high degree of automation, providing the users with tools to ease
the design process and meet targeted decisions based on virtual analyses of
the process.
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[FN95] Roland W. Freund and Noël M. Nachtigal. Software for simplified
Lanczos and QMR algorithms. Applied Numerical Mathematics,
19(3):319–341, dec 1995.

163



References

[GGM15] P. Garbacz, T. Giesko, and A. Mazurkiewicz. Inspection method
of aluminium extrusion process. Archives of Civil and Mechanical
Engineering, 15(3):631–638, may 2015.

[GY14] L. Guo and H. Yang. Deformation Rules and Mechanism of
Large-Scale Profiles Extrusion of Difficult-to-Deform Materials.
In Comprehensive Materials Processing, pages 291–319. Elsevier,
2014.

[HB10] T Hatzenbichler and B Buchmayr. Finite element method simu-
lation of internal defects in billet-to-billet extrusion. Proceedings
of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, 224(7):1029–1042, jul 2010.

[HBT+13] Pavel Hora, Christoph Becker, Long Chang Tong, Joachim Maier,
and Soeren Mueller. Advanced Frictional Models for Extrusion
Application. Key Engineering Materials, 585:41–48, dec 2013.

[HGB11] Pavel Hora, Maysam Gorji, and Bekim Berisha. Modeling of Fric-
tion Phenomena in Extrusion Processes by Using a New Torsion-
Friction Test. Key Engineering Materials, 491:129–135, sep 2011.

[Hor19] P. Hora. Umformtechnik III. 2019.

[Jan14] Jerzy Kuprianowicz Jan Piwnik, Krzysztof Mogielnicki. Numer-
ical analysis of friction influence on the transverse welding phe-
nomenon in the forward extrusion process. Journal of Theoretical
and Applied Mechanics, 52(2):547–555, 2014.

[KA74] K. J. Kahlow and B. Avitzur. Void Behavior as Influenced by
Pressure and Plastic Deformation. Journal of Engineering for
Industry, 96(3):901, 1974.

[Kaz85] N.F. Kazakov. A Theory of Diffusion Bonding. In Diffusion
Bonding of Materials, pages 17–48. Elsevier, 1985.

[KBT09] Thomas Kloppenborg, Nooman Ben Khalifa, and A. Erman
Tekkaya. Accurate Welding Line Prediction in Extrusion Pro-
cesses. Key Engineering Materials, 424:87–95, dec 2009.

[KHD+18] T. Komischke, P. Hora, G. Domani, M. Plamondon, and R. Kauf-
mann. Prediction of crack induced failure phenomena in rolling
operations. Procedia Manufacturing, 15:176–184, 2018.

164



References

[KLY02] K.J Kim, C.H Lee, and D.Y Yang. Investigation into the improve-
ment of welding strength in three-dimensional extrusion of tubes
using porthole dies. Journal of Materials Processing Technology,
130-131:426–431, dec 2002.

[LH18] Conrad Liebsch and Gerhard Hirt. Numerical investigation on
damage evolution and void closure in hot flat rolling. In 11th
Forming Technology Forum Zurich: Experimental and numerical
methods in the FEM based crack prediction, pages 79–84, 2018.

[LHJ03] Qiang Li, Chris Harris, and Mark R. Jolly. Finite element mod-
elling simulation of transverse welding phenomenon in aluminium
extrusion process. Materials & Design, 24(7):493–496, oct 2003.

[LLF+10] Jian Liu, Gao-yong Lin, Di Feng, Yan-ming Zou, and Li-ping Sun.
Effects of process parameters and die geometry on longitudinal
welds quality in aluminum porthole die extrusion process. Journal
of Central South University of Technology, 17(4):688–696, aug
2010.

[Lod26] W. Lode. Versuche über den Einfluss der mittleren Hauptspan-
nung auf das Fliessen der Metalle Eisen, Kupfer und Nickel.
Zeitschrift für Physik, 36(11-12):913–939, nov 1926.

[LSI04] A. Loukus, G. Subhash, and M. Imaninejad. Mechanical prop-
erties and microstructural characterization of extrusion welds in
AA6082-T4. Journal of Materials Science, 39(21):6561–6569, nov
2004.

[Mal69] L.E. Malvern. Introduction to the mechanics of a continuous
medium. Prentice Hall, Englewood cliffs, 1969.

[MC04] Michael Mascagni and Hongmei Chi. On the Scrambled Halton
Sequence. Monte Carlo Methods and Applications, 10(3-4), jan
2004.

[MdRS12] X. Ma, M.B. de Rooij, and D.J. Schipper. Friction conditions
in the bearing area of an aluminium extrusion process. Wear,
278-279:1–8, mar 2012.

[MK05] W. Z. Misiolek and R. M. Kelly. Extrusion of aluminium alloys.
In ASM Handbook, pages 522–527. 2005.

165



References
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A. Erman Tekkaya. Numerical Approach for the Evaluation of
Seam Welding Criteria in Extrusion Processes. Key Engineering
Materials, 504-506:517–522, feb 2012.

[SM66] C.M. Sellars and W.J. McTegart. On the mechanism of hot de-
formation. Acta Metallurgica, 14(9):1136–1138, sep 1966.

[SMCL04] K. Saanouni, J.F. Mariage, A. Cherouat, and P. Lestriez. Numer-
ical prediction of discontinuous central bursting in axisymmetric
forward extrusion by continuum damage mechanics. Computers
& Structures, 82(27):2309–2332, oct 2004.

[Ton95] Longchang Tong. FE simulation of bulk forming processes with a
mixed eulerian-langrangian formulation. PhD thesis, 1995.

[TOTI87] M. Tanaka, S. Ono, M. Tsuneno, and T. Iwadate. An analysis
of void crushing during flat die free forging. Adv. Techn. Plast.,
1987.

[TSH05] L. Tong, S. Stahel, and P. Hora. Modeling for the FE-Simulation
of Warm Metal Forming Processes. In AIP Conference Proceed-
ings, volume 778, pages 625–629. AIP, 2005.

[TZLP14] Ding Tang, Qingqing Zhang, Dayong Li, and Yinghong Peng. A
physical simulation of longitudinal seam welding in micro chan-
nel tube extrusion. Journal of Materials Processing Technology,
214(11):2777–2783, nov 2014.

[Val02] Henry Valberg. Extrusion welding in aluminium extrusion. Inter-
national Journal of Materials and Product Technology, 17(7):497,
2002.

[WBLB05] Tomasz Wierzbicki, Yingbin Bao, Young-Woong Lee, and Yuanli
Bai. Calibration and evaluation of seven fracture models. In-
ternational Journal of Mechanical Sciences, 47(4-5):719–743, apr
2005.

168



References

[YZ17] Junquan Yu and Guoqun Zhao. Study on the welding quality
in the porthole die extrusion process of aluminum alloy profiles.
Procedia Engineering, 207:401–406, 2017.

[YZC16a] Junquan Yu, Guoqun Zhao, and Liang Chen. Analysis of longitu-
dinal weld seam defects and investigation of solid-state bonding
criteria in porthole die extrusion process of aluminum alloy pro-
files. Journal of Materials Processing Technology, 237:31–47, nov
2016.

[YZC16b] Junquan Yu, Guoqun Zhao, and Liang Chen. Investigation of
interface evolution, microstructure and mechanical properties
of solid-state bonding seams in hot extrusion process of alu-
minum alloy profiles. Journal of Materials Processing Technology,
230:153–166, apr 2016.

[YZZC17] Junquan Yu, Guoqun Zhao, Cunsheng Zhang, and Liang Chen.
Dynamic evolution of grain structure and micro-texture along a
welding path of aluminum alloy profiles extruded by porthole dies.
Materials Science and Engineering: A, 682:679–690, jan 2017.

[ZTZ13] O.C. Zienkiewicz, R.L. Taylor, and J.Z. Zhu. The Finite Element
Method: its Basis and Fundamentals. Elsevier, 2013.

169



References

170



10 Appendix

10.1 DOE of hot-compression tests for material
characterization

Temperature T [◦C] Strain rate ε̇ [−]

400 0.2
400 1
400 5
400 10
450 0.2
450 1
450 5
450 10
500 0.2
500 1
500 5
500 10
550 0.2
550 1
550 5
550 10

Table 10.1: DOE of hot-compression tests for material characterization.
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10.2 DOE and CAD of Tribo-Torsion tests

Temperature T [◦C] Velocity v [mm s−1] Pressure p [MPa]

400 2.4 15
400 2.4 32
400 13.2 15
400 13.2 32
400 13.2 48
400 13.2 60
450 2.4 15
450 13.2 15
450 13.2 32
450 13.2 48
500 2.4 15
500 2.4 48
500 13.2 15
500 13.2 32
500 13.2 48

Table 10.2: DOE of tribo-torsion experiments.
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Figure 10.1: Tribo-Torsion: geometry of specimen [Bec16].
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Figure 10.2: Tribo-Torsion: geometry of punch [Bec16].
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Figure 10.3: Tribo-Torsion: geometry of container [Bec16].
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Figure 10.4: Tribo-Torsion: geometry of mandrel [Bec16].
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Figure 10.5: SSB-PUNCH: geometry of D20 guide.
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Figure 10.6: SSB-PUNCH: geometry of D24 guide.
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Figure 10.7: SSB-PUNCH: geometry of D28 guide.
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SSB3 Punch D20

Figure 10.8: SSB-PUNCH: geometry of D20 punch.
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SSB3 Punch D24

Figure 10.9: SSB-PUNCH: geometry of D24 punch.
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SSB3 Punch D28

Figure 10.10: SSB-PUNCH: geometry of D28 punch.
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Container

Figure 10.11: SSB-PUNCH: geometry of outer container.
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Container IN Half

Figure 10.12: SSB-PUNCH: geometry of inner removable container.

184



10.4 SSB-PUNCH: Optical observations of welding interface

10.4 SSB-PUNCH: Optical observations of welding
interface

Trial Position 2 Position 1

1

2

3
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10.4 SSB-PUNCH: Optical observations of welding interface
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7
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10.4 SSB-PUNCH: Optical observations of welding interface
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9

10

11
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10.5 SSB-PUNCH: Hardness tests

12

10.5 SSB-PUNCH: Hardness tests

Run
Dpunch

[mm]
T [◦C]

vpunch

[mm s−1]
Stroke
[mm]

HV @
Pos. 1

HV @
Pos. 2

1 20 450 0.2 1

- 39.1
- 40.7
- 40.6
- 46.3
- 43.6

2 20 525 2 3

54.8 55.8
51.0 55.5
49.7 53.1
53.3 51.9
55.2 52.4

3 20 560 4 5

62.2 64.9
61.3 61.7
56 49.6
62.8 58.9
62.7 56.5

4 24 560 0.2 3

55.2 57.3
53.7 55.8
47.3 56.1
55.3 54.9
53.5 54.9

5 24 450 2 5

60.0 52.0
57.6 53.2
60.8 51.7
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10.5 SSB-PUNCH: Hardness tests

67.3 56.2
64.6 55.4

6 24 525 4 1

51.4 51.1
50.3 50.4
47.6 48.1
51.5 51.0
49.1 49.5

7 28 525 0.2 5

52.8 50.6
49.8 51.5
48.9 48.3
49.4 49.7
48.5 51.6

8 28 560 2 1

54.2 56.0
55.8 54.4
49.9 50.0
50.7 52.5
51.8 52.0

9 28 450 4 3

52.3 50.6
49.5 50.6
47.4 46.8
50.8 48.6
47.9 48.9

10 24 525 0.2 3

55.0 54.5
53.3 53.1
51.6 50.0
54.0 54.1
51.4 52.6

11 24 525 2 3

56.1 53.4
52.4 53.4
50.7 53.0
52.2 53.1
50.5 54.4

12 20 560 0.2 3

58.4 56.0
56.4 56.3
48.0 53.0
57.6 54.6
56.6 56.1
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10.6 FE-simulations of SSB-PUNCH: Results

10.6 FE-simulations of SSB-PUNCH: Results

Figure 10.13: FE-simulations results with D20 punch.
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10.6 FE-simulations of SSB-PUNCH: Results

Figure 10.14: FE-simulations with D20 punch: evaluation of welding crite-
ria.
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10.6 FE-simulations of SSB-PUNCH: Results

Figure 10.15: FE-simulations results with D24 punch.
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10.6 FE-simulations of SSB-PUNCH: Results

Figure 10.16: FE-simulations with D24 punch: evaluation of welding crite-
ria.
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10.6 FE-simulations of SSB-PUNCH: Results

Figure 10.17: FE-simulations results with D28 punch.
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10.6 FE-simulations of SSB-PUNCH: Results

Figure 10.18: FE-simulations with D28 punch: evaluation of welding crite-
ria.
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10.7 SSB-DIL: Design of experiments

10.7 SSB-DIL: Design of experiments

Trial Strain [−] Strain rate [ 1
s ] Temperature [◦C]

1 0.10 0.2 300
2 0.25 0.2 300
3 0.50 0.2 300
4 0.75 0.2 300
5 1.00 0.2 300
6 0.10 0.2 350
7 0.25 0.2 350
8 0.50 0.2 350
9 0.75 0.2 350
10 1.00 0.2 350
11 0.10 10 350
12 0.25 10 350
13 0.50 10 350
14 0.75 10 350
15 1.00 10 350
16 0.10 0.2 400
17 0.25 0.2 400
18 0.50 0.2 400
19 0.75 0.2 400
20 1.00 0.2 400
21 0.10 10 400
22 0.25 10 400
23 0.50 10 400
24 0.75 10 400
25 1.00 10 400
26 0.10 0.2 450
27 0.25 0.2 450
28 0.50 0.2 450
29 0.75 0.2 450
30 1.00 0.2 450
31 0.10 10 450
32 0.25 10 450
33 0.50 10 450
34 0.75 10 450
35 1.00 10 450
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10.7 SSB-DIL: Design of experiments

36 0.10 0.2 500
37 0.25 0.2 500
38 0.50 0.2 500
39 0.75 0.2 500
40 1.00 0.2 500
41 0.10 10 500
42 0.25 10 500
43 0.50 10 500
44 0.75 10 500
45 1.00 10 500
46 0.10 0.2 550
47 0.25 0.2 550
48 0.50 0.2 550
49 0.75 0.2 550
50 1.00 0.2 550
51 0.10 10 550
52 0.25 10 550
53 0.50 10 550
54 0.75 10 550
55 1.00 10 550
56 0.10 10 600
57 0.25 10 600
58 0.50 10 600
59 0.75 10 600
60 1.00 10 600
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10.8 SSB-DIL: Optical investigations of welding interfaces.

10.8 SSB-DIL: Optical investigations of welding
interfaces.

In the following tables the results from the optical investigations of the welding
interface of the SSB-DIL experiments are shown. The black arrow shows the
visible interface, while the red arrow shows a transition from visible to full-
welded interface. The specimens that are not in the table consist in those that
evidently did not weld.
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10.8 SSB-DIL: Optical investigations of welding interfaces.
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10.8 SSB-DIL: Optical investigations of welding interfaces.
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10.9 Effects on changes of TSH-parameters

10.9 Effects on changes of TSH-parameters

10.9.1 Dependency on parameters A, m, n

Figure 10.19: TSH-criterion at η = −0.465 and ϑ̄ = −1 at different values
of parameter A.

The parameter A represents the fitting parameter for the exponential function
of the temperature. From Fig. 10.19 it can be seen that for increasing values of
A the surface decreases in slope and flattens at high strains and temperatures.
The parameter m represents the first fitting parameter for the exponential
function containing the strain. From Fig. 10.20 it can be seen that for in-
creasing values of m the surface decreases in slope and flattens for high values
of strain and temperature.
The last fitting parameter n for the exponential term of the strain. In Fig.
10.21, the slope of the TSH-criterion surface increases for high values of strain
and temperature for larger values of the parameter.
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10.9 Effects on changes of TSH-parameters

Figure 10.20: TSH-criterion at η = −0.465 and ϑ̄ = −1 at different values
of parameter m.

Figure 10.21: TSH-criterion at η = −0.465 and ϑ̄ = −1 at different values
of parameter n.
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10.10 Tensile tests: CAD drawings

10.10 Tensile tests: CAD drawings

CAD drawings of standardized tensile test according to DIN [DINb] and al-
ternative design.
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10.10 Tensile tests: CAD drawings

Figure 10.22: Alternative tensile test geometry for analysis of welding inter-
face.
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