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Abstract
The manufacturing of automotive parts is required to keep up with
the evolution of geometrical features and used materials. The mass
production of such parts requires several intermediate steps in order
to achieve the demanded complex geometries. Merging two of such
steps shows a large efficiency potential, but at the same time requires
a thorough research. In the scope of this thesis a combined drawing and rolling process is developed. The focus is laid on production
speed, compatibility with a drawing step and a large target geometrical family of products. Possible concepts are searched and a best fit
is determined. Material characteristics as well as process parameters
are experimentally acquired. FE models of the process are created and
a prototype is validated through experimental try-outs. Geometrical
and force deviations are analysed and the models adjusted. Based on
the validation, a mapping of feasible operating points is performed for
the pilot plant. With this outcome, it becomes possible to assess the
feasibility of target geometries and deliver process recommendations.
This thesis covers the concept development and simulations, the tool
design and experiments as well as the FEM validation, the creation of
process windows with a geometry correction possibility as well as a roll
design optimization given a specific target product.

v

Kurzfassung
In der Automobilindustrie werden hohe Anforderungen an die Herrstellung von immer komplexeren Teilen mit neuen Werkstoffen gestellt. Die
Massenproduktion solcher Teile verlangt klassischerweise viele Zwischenschritte um am Ende die volle Wertschöpfung am Halbzeug zu
erreichen. Durch die Integration zweier Zwischenschritte in eine Bearbeitungseinheit, zeigt sich ein grosses Potential zur Steigerung der Produktionseffizienz, dennoch verlangt es auch eine gründliche Erforschung.
Der Fokus dieser Arbeit liegt auf die Produktionszeit, auf die Vereinbarkeit mit der bereits existierenden Zugstufe und auf die maximale
Erweiterung der Produktpalette. Mögliche Umformkonzepte werden
analysiert und das Beste weiterentwickelt. Material- und Prozesseigenschaften werden experimentell eruiert. FE Modelle des Prozesses werden aufgebaut und zusammen mit einem aufgebauten Prototyp durch
Versuche validiert. Abweichungen der Geometrie und der Kräfte werden analysiert und Anpassungen an den Modellen aufgenommen.
Gestützt auf die Validierung, wird das mögliche Prozessfenster für die
Versuchsanlage kartiert. Es ermöglicht Aussagen über die Machbarkeit
der neu möglich gemachten Produktgeometrien und liefert Verbesserungsvorschläge. Diese Arbeit behandelt in Detail die Konzeptentwicklung, den Aufbau der Simulationen, die Werkzeugentwicklung, die Durchführung der Experimente, die Auswertung der Resultate, die FEM
Validierung, die Berechnung der Prozessfenster, Beispielfälle für die
Ausarbeitung von Korrekturen sowie eine Methode zur automatischen
Generierung der Walzgeometrie für vorgegebene Endproduktgeometrien.
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1 Introduction
1.1 Motivation and aim
The mass production of lightweight components is an important topic
for the automotive industry. The world motor vehicle production of
94.8 million units for the year 2016 [68] highlights the need for costeffective and reliable production processes. The innovation and optimization of such processes need to keep up with the ongoing development of the products. The developers make high demands on
lightweight products in particular. The demands are met on the one
hand with the use of new materials and on the other hand by structural optimization of geometries e.g. towards thin walled parts with
defined profiles. Hollow cylindrical or profiled components with varying cross-sections such as transmission shafts in figure 1.1 and steering
rods made of high-strength materials are one result of this evolution.
Their manufacturing based on classical production standards require
several intermediate steps to reach the target characteristics.

Figure 1.1: Automotive drive shafts [89]
Therefore, the possibility of merging intermediate forming steps into a
single one shows large potential for time and costs saving in manufacturing. This work develops a tube-drawing process combined with a
rolling step into one single processing unit. The target is to develop a
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1 Introduction
process which produces several semi-finished products periodically arranged on a tube and ready for cut-off in the desired target shape as
shown in Figure 1.3. The target is to find the fastest way to produce
automotive components of complex geometries in one single manufacturing cycle, hereby avoiding costly secondary processes. Not only to
produce them in one single cycle, but at the same time expanding the
possible product design space with larger deformation steps, grooved
workpiece areas and axially varied diameters.
Furthermore, it is the aim to assess new possibilities of process mapping
using virtual models instead of the production line. This guarantees a
homogeneous product development due to its increased independence
from the operators know-how. New product features can easily be
tested based on the intelligence acquired, saved and made accessible to
any product developer. To assure the applicability of the virtually developed process, it is an objective to determine its operating points and
visualize possible process derailments. It will be necessary to generate
recommendations for non feasible products such as to change their geometries and resulting deformations into feasible process space. In a
last step it shall be possible to optimize and generate the necessary
tools given a desired product target shape.

1.1.1 Design space for product geometries
A

B

A

A

B

B

A

B

focus

A /B:

Figure 1.2: Building blocks for product characteristics

2

1.2 Process candidates
A classical drawing process produces tubes of constant cross-sections.
No outer nor inner diameter variations are possible and the thickness
also remains constant throughout one draw. Having in mind a manufacturing process suitable for transmission shafts and steering rods,
the targeted products need to show a periodic variation of inner and
outer diameters coupled with a thickness variation along the axis. Furthermore, the target is to enable different geometries e.g. grooved and
cylindrical, along the inner and outer drawing diameters as shown in
figure 1.2. The periodic alternation of grooved and cylindrical cross
sections at the positions ‘A’ and ‘B’ as well as the constant or variable
diameters deliver a large combinatoric table.
Considering the geometrical elements occurring in the targeted products, it makes sense to focus on significant geometries out of all the
possibilities. They are highlighted in figure 1.2 and include variable
outer and inner diameters with cylindrical and grooved cross sections.
The cross sections ‘A’ and ‘B’ are further specified in order to determine the final shape of the target product. In order to develop a
process suitable for current products, this thesis will take as an example the steering rod. Some of their characteristics are shown in figure
1.3 and involve varying inside diameter with a constant outer diameter
(a), with a varying outside and inside diameter (b) and functional elements like toothed inside diameters (c). The figure shows the products
sequentially aligned as a semi-finished pipe, ready to be cut out into
single pieces. This setup allows a continuous production linked with an
existing pipe-drawing process.

1.2 Process candidates
The candidates for performing the necessary deformation steps on the
workpieces are sketched below in figure 1.4. The tube drawing process
‘a’ is given and reduces the diameter and the thickness of initial pipes.
It is possible to deform the inner and outer diameter into a cylindrical
or grooved geometry. The sketch ‘b’ shows the radial rolling process
where 3 rolls rotate around the workpiece, each carving its own defor-

3

1 Introduction

a)

b)

c)

Figure 1.3: Semi-finished products with variable outer geometries,
grooved sections and conical transitions

mation path. Sketch ‘c’ depicts the possibility to warm up the pipe
before drawing in order to lower the yield stress and therefore lower
the process forces. Sketch ‘d’ shows a radial rolling with a set of rolls
pulsating radially around the workpiece. The axis of rotation is parallel to the pipe and since the rolls hit the workpiece periodically it is
a pulsating deformation. Sketch ‘e’ shows the radial or rotary forging
concept used by a company called ‘Felss’ [21]. Its dies rotate around the
pipe and simultaneously perform a radial movement, hitting the pipe
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and deforming the outer shape. Sketch ‘f’ shows an incremental rolling
known as ‘Grob-forming’. The rolls circulate in a planetary movement
around the pipe imprinting their shape with each contact. The repeated
local deformation together with the tools moving path determine the
final product shape. Sketch ‘g’ illustrates an axial rolling consisting of
two or more rolls with a negative imprint of the final form of the product. Sketch ‘h’ symbolizes the possibility to assist the drawing step
with an axial supportive force. The last sketch ‘i’ shows the concept
of an adaptive die. Two pendulums form an orifice that changes its
opening radius accordingly to the outer die shape. The angle of the
pendulums defines the final deformed shape and their variation result
in an adaptive outlet diameter.
The state of the art will focus upon these concepts and the later comparison will characterize their potential for combination. Their feedrates
and kinematics will determine their compatibility with the drawing
step.

a)

d)

g)

b)

e)

h)

f)

i)

c)

T

F

Figure 1.4: Concept sketches for candidates
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1.3 Production time
The state of the art procedure to reach the product qualities defined
above, corresponding to an automotive transmission shaft or steering
rods, is to first draw the pipe to a desired outer diameter and cut into
pieces of the desired length. The individual pieces are handled into
a cold extrusion machine where the diameter is reduced at both tails.
The new process that this thesis aims to develop, needs to be faster
in achieving the same total forming and value creation on the semifinished product. Therefore, it needs to undermatch the total machine
and handling time for the drawing and cold extrusion steps together.
Literature research reveals the prevalent feed rates for drawing and
extrusion and the handling times are estimated. For quantifying one
batch process, a case study is performed.
From one standard 5.1 m drawn pipe, a batch of 17 single standard
300 mm parts can be cut out and it takes cumulated 125 seconds for its
handling and processing. The total time for value creation including
forming and handling is based on experiments and literature: 500 mm
s
drawing speed and 100 mm
s extrusion speed [52, 60] as well as 2 seconds
per handling time per part. The parts are further treated in thermal
stress-relief and compressive spinning procedures which are outside the
observation field.
By saving once the handling times for every piece of the batch and
keeping the original fast drawing speed (500 mm
s ) for the combined process, it would be possible to cut down the total time to 55 seconds
as pictured in figure 1.5. It is a challenging goal to keep the original
drawing feed rate, but there is still the possibility to adapt for an e.g.
5 times slower process and still reduce the total time of the standard
manufacturing.
A common production charge of 10.000 parts will be done 11 hours
earlier if the combined fast process is developed successfully. This represents a gain in time of 57% in this specific value adding chain. With a
five times slower drawing and rolling feed rate, the time gain potential
is still 25%. The requirements list will adopt the ideal fast case with a
feed rate of 500 mm
s .
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1.4 Organization of the thesis
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Figure 1.5: Comparing value creation time with actual standards to the
potential of a combined process

1.4 Organization of the thesis
This thesis is organized in 9 chapters. Chapter 2 presents the state of
the art for the discussed processes in this thesis and the basic theory
for the most relevant ones. Chapter 3 presents the technical concepts
for the process combination focusing on their dynamics and compatibility, presenting a concept which will be further analyzed. The virtual
models used in this thesis are explained in chapter 4 and used to define process limits for the individual forming steps in chapter 5. The
process limits for the combined process are identified and its feasible
operation points mapped in chapter 6. The validation of the models
is presented in chapter 7. At the end of the thesis, an alternative concept for achieving the desired product forming steps is presented in
chapter 8. The importance of the results and remarks towards future
development finalize this thesis in chapter 9.
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2 State of art and basic theory
This thesis concentrates on the virtual development of a new combined
cold forming process. The focus on virtual models of tube drawing,
axial and radial rolling requires a state of the art covering these fields
as well as taking into account alternative manufacturing processes suitable for merging such as the Grob forming or the implementation of
adaptive dies.
This chapter will focus on the theory and concepts necessary for understanding the drawing and rolling process stresses. First, a brief
description of the process stress for drawing bars and wires introduce
the three most important components friction, shear and normal forces.
For tube drawing, a more extensive description is presented using an
approach of elementary equations. At last, important aspects of rolling
are pointed out based on the theory of sheet rolling.

2.1 Tube drawing
Tube drawing and rolling are forming processes systematically categorized according to the DIN 8582 norm [14]. The suitable materials
range from melted resources like glass [35] or plastic [75] to steel. The
metal drawing processes are characterized by DIN 8584-2 [17] into the
processes of drawing through a die and roll-drawing. The first one entails the pulling of a workpiece through a static orifice, the die. The
deformation of the inner radius of a tube for example, is then performed
by a mandrel. Roll-drawing consists of pulling the workpiece through
an orifice formed by two or more rolls and is very close to a rolling process. The main difference is that the stress state of tensile-compression
is a consequence of the pulling of the workpiece and the compression
through the rolls. Further characterization of the drawing process as
suggested by Lange [53, 80] takes into account if the workpiece is hollow
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or solid and if hollow, what kind of inner tool is used (with a spring,
a punch, a travelling mandrel, a stationary mandrel or a floating mandrel).
Tube drawing in particular can be done in different ways depending on
the temperature, the form of the product, the form of the tools and
the active medium. The manipulation of the temperature in one hand
lowers the necessary forming forces and enlarges the range of possible
deformation. On the other hand, tube drawing is a typical cold forming
process which allows preciser tolerance bands and high surface qualities compared to extrusion as a classical warm deformation case, which
means above recrystallisation temperature.
In the forming process of drawing and extrusion, the workpiece gets its
deformation due to the form of the orifice it flows through. There are
good books extensively presenting the necessary knowledge for understanding the forming processes targeted in this thesis, namely Lange
[50, 53], Gummert [30] and Doege [18]. Between extrusion and drawing, the tools show many similarities and the main difference between
them is the exact region of deformation and the effective stress states.
In extrusion, the workpiece gets pushed through the orifice and predominantly negative stresses appear. The drawing relies on a mix of
pushing and pulling forces inside the deformation zone, resulting in a
more complex tensile-compressive drawing stress situation. The different stresses are the characteristic differences used in DIN 8582 [14]
to order extrusion as a compressive forming and drawing to tensilecompressive forming as shown in figure 2.1. Cold drawing of metallic
workpieces is classified as stripping and is a forming under compressive
and tensile conditions. Together with deep drawing, flanging, spinning
and wrinkle bulging it shows positive and negative stresses during its
deformation.
Roll-drawing processes are economically not important compared to
the drawing with a die. The latter is usually performed in cold temperature, i.e. below recrystallization temperature. It is as well the most
used for manufacturing wires, profiles, tubes and bars with round and
asymmetrical cross sections.
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Figure 2.1: Characterization of forming processes according to DIN
8582

This thesis mainly concentrates on stationary tube drawing, a stripping
process where the mandrel is fixed on a rod and held in position. This
is the most common tube drawing method and allows a reduction of
the thickness and the diameter at the same time. The drawing process
can be divided into three stages as shown further below in figure 2.10.
In the first compressed length between x0 and x1 it is a tube sinking
stage reducing only the diameter. The second stage between x1 and x2
is the plug drawing stage where it is possible to reduce the diameter
and the thickness simultaneously [31, 82]. Dahl [12] describes the third
stage where the cylindrical part is smoothed.
Many approaches in analytical and experimental studies of round and
flat profiles aim to transfer the acquired knowledge in predicting the
process forces towards more complex geometries. Siebel’s studies were
the more reliable ones, since many experiments matched the results
as described by Baldner [2] and by Mahrenholtz [56], who proved his
theory through several distinct approaches.
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Figure 2.2: Preussler proportionalities for drawing reserves, adapted
and translated from Preussler [70]

Preussler [70] uses a simple model to describe the deformation of a profile. Very small reductions ideally placed over the cross section, allow
a uniform material flow in vertical direction to the die’s outer borders.
The drawing die converges slowly towards the final form of the profile
as shown in figure 2.2. Approaching the final profile in small steps,
every section profile will have borders that are vertical to the larger
precedent section. Given a final form, it is possible to incrementally
approach the beginning form of the die opening.
Preussler introduces the term of neutral surfaces. They divide the material flow inside the forming zone of a die. No particles cross these
borders during the forming process if assumed that they always flow
homogeneously distributed and vertically to the die outline. Preussler
postulates therefore, that the deduction in area from one section to the
next is the same for every subregion. The radial deduction in every
segment of the outer line is proportional to its distance to the closest
neutral surface. This approach works very well for materials with an
ideal plastic deformation behaviour that do not show any work hardening with growing plastic strain. Real plastic behaviour will not allow
a homogeneous deformation of the workpiece, especially at sharp corners with minimal deformation. Less deformation at the sharp corners
result in little hardening behaviour compared to the rest of the section.
First modelling attempts and Finite Element simulations of tube pro-
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Figure 2.3: Concept for pipe-drawing with a self-adjusting mandrel,
Antimonov et al.[1]

cesses have been carried out by Sawamiphakdi et al. [77]. Their target
was to define the necessary start geometries for reaching desired target geometries as well as to predict the geometrical and mechanical
properties of the product including the expected drawing forces of the
process itself. With an experimental setup their findings were correctly
validated. Further development of the pipe drawing process has been
attempted e.g. by Antimonov et al.[1] in the self-adjusting mandrel for
reducing the tolerances of the inside diameter of steel fuel lines for
diesel engines. Figure 2.3 shows the scheme. They used a mandrel (1)
divided into a conical part and a rough surfaced front section as well as
a flexible rod (4). This allows the mandrel to be pulled spontaneously
into the forming zone together with the tube (2) and to stay in the correct position relative to the die plate (3) adjusting the inner diameter
while drawing. There is a guide die plate (5) to assist the positioning
of the undeformed tube.
In the area of specific programs designed for assisting the application
and the use of pipes, an example can be found described by Vikanes
[87]. He describes the use of computer aided design tools in the naval
industry targeting the optimal use and placement of tubes in the final
products. He aims to eliminate human errors in the interface of modelling and prefabrication of the needed tubes. He describes a possibility
of automatically generating the production drafts for each tube based
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on the ships virtual models. Sawamiphakdi et al.[78] picked up a similar
idea of automated information transfer and applied it into the manufacturing process. They created a pipe manufacturing software able to
suggest the correct forming tool geometries and process parameters for
the desired final product. With extended functionalities, e.g. a forming
feasibility check or an embedded process optimization for several drawing stages, they showed how this tool increased the competitive position
of a manufacturer. They developed this program using ABAQUS as
well as own coding. It is able to calculate the necessary starting pipe
size, suggest geometries for multi-stage tube drawings and determine
the expected drawing forces.
Keller [43] develops a model for the fast and automatic definition of
the forming steps in profile drawing. He worked on the background
necessary for developing a software for generation of die geometries.
After loading the CAD information of the desired profile, the outline is
parametrized and the material flow is predicted, therefore the deformation and the stresses are determined as well. His predictions can’t be
numerically optimized, but the adjustment of some distinct parameters
allows him to improve the quality of the suggested die geometries using
his program.
Further work has been done in optimization of tools. Lee et al [54]
design a die shape for a drawing process in an attempt to produce a
steering input shaft. Using a critical damage value and a brief DOE on
die geometry parameters using FE models, they figure out a workable
die solution for manufacturing their target product. The optimization
of the tools is performed by Béland et al.[4] where they use FE code
linked to CAD geometry in order to minimize the maximum stress level
in the drawing step. On the search for optimal tool geometries they
divide the drawing tool into two units, a sinker die and a drawing die.
The sinker die is in charge of reducing the outer and inner diameter
of the tube and the following drawing die is in charge of thinning out
the wall thickness without changing the inner geometry. Optimal die
angles and curvature radius between conical and cylindrical zone are
found. In addition, they describe the limiting criterion not as a maximal deformation strain but the axial stress in the tube during the
drawing. Their work result in 53% maximum area reduction due to the

14

2.2 Rolling and spinning
optimized tooling.
A further tool optimization has been been attempted by Kwan et.
al.[49] while using arbitrary curves for the profiles of die and mandrel. The deformation history of the drawing process was extensively
analyzed by Rasty and Chapman [6, 74]. Looking at the thermal effects
they determine the drawing loads and the residual stress distributions
in the products. With a variation of the drawing speed and the tools
angles, they conclude that there are optimum angle pairs of die and
mandrel which minimize the residual stresses. Neves et al.[66] have analyzed the friction influences of three different lubricants upon the total
drawing force on their experiment. They build up a chambered drawing tool with two drawing stages. The first reduction die diminishes
the tube’s outer diameter with a free deformation of the inner diameter and the second reduction includes a die and a mandrel controlling
the inner diameter. In between the stages an oil chamber pressurizes
the lubricant such as it is pushed into the second reduction step. The
FE analysis and experiments they perform, deliver optimal die angles
lowering the stresses in the tube and reveals the best lubricant out of
their tested ones.
Xu et al.[97] analyze the transition of initially round tubes into a finally
rectangular geometry with sharp corners. With a special interest on
the deformation uniformity, they design a two stage drawing process
balancing the material flow between the sides and the corners. Their
measure of product quality is the strain oscillation along the pipe circumference and the size of the ears on the drawn tube. Finally, the
best solution with sharp product corners is achieved by using a die
parametrized with a convex hull in the corners.

2.2 Rolling and spinning
The reduction of the outer diameter subsequent to the drawing stage requires a complementary forming step allowing a radial and rotationally
symmetric movement and material deformation. This is technically
feasible e.g. by rolling, spinning, flow forming or further incremental
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Figure 2.4: Tube spinning concept with rotating mandrel, by Rasoli [73]

forming processes such as rotational forging or the Grob deformation
process.
Spinning demands a rotation of the workpiece and radially movable
tools as seen in figure 2.4 which is not possible due to the tube drawing
step which clamps the tube between its die and mandrel. The workpiece
is therefore locked in any rotational movement and is only axially movable. Given this constraint, the papers concerning classical spinning
are not directly relevant to this thesis. Nevertheless, a few techniques
analyzed on spinning processes might be applicable to rolling under
certain circumstances, such as ultrasonic vibrations [73]. Flow forming
allows high deformation levels in the wall thickness of hollow products,
which makes it a good candidate for further consideration. Nevertheless, as described by Sivanandini et al.[65], the rotating mandrel is a
key element for this process. This elimination leaves rolling either in
direction of drawing (axial rolling) or transverse to it (radial rolling)
as the target processes to be properly analyzed and searched for in the
state of the art. Technically, tube rolling is close to tube spinning, a
flow forming process which is extensively researched by many studies.
The studies are divided into experimental methods, virtual analysis using Finite Element Methods and theoretical studies.
In tube spinning some interesting techniques have been analyzed, which
could be transferred to the rolling process. Rasoli et al.[73] test the influence of ultrasonic vibrations specially concerning the surface quality
of the machined samples. They achieve a better surface quality on the
inside of the samples where they have contact with the mandrel, but
not on the vibrating tool contact area. Low power tool vibrations in-
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duce a flattening of the roughness profile of the inner surface and high
power ultrasonic vibrations increase the hardness of the outer surface
layer. Their experimental results show further a reduction of process
forces due to the ultrasonic vibrations.
Mohebbi and Akbarzadeh performed an experimental study and FEM
analysis of redundant strains in flow forming tubes [61]. Further 3D
FEM modelling of tube spinning has been shown and successfully validated by Hua et al.[38], Kezhia et al.[45] and Xu et al.[98]. A special
focus is given on the strain-rate and stress distributions in the workpiece for different tube spinning parameters. The flow forming of tubes
bases on a spinning workpiece mounted upon a rotating mandrel, which
is deformed by one or more rolls moving in direction of the axis hereby
reducing the thickness. The process is used for thin-walled axially
symmetrical products and takes advantage of the high deformations
enabled by the incremental nature of the process. Flow forming could
be one of the process candidates for combining with the drawing. But
it requires a rotating workpiece, so it disqualifies for a more detailed
analysis. Nevertheless, it delivers important insights and inputs on the
aspects e.g. of roller distribution effects, mandrel deflection and eccentric forces. For flow forming techniques, not only the way of grouping
the rolls but also their inclination angle influences the process forces
as shown by Vriens et al.[90] and Kim et al.[46]. By optimizing the
angle it is possible to reduce the forming forces and therefore increase
the service life of the other tools, e.g. the mandrels. In order to optimize not the angle for lower process forces, but seeking the process
borders for the maximum thickness reduction before buckling or fracture an experimental analysis has been performed by Chang et al.[5].
Their samples are aluminium alloys and wall thickness reduction levels
of 75% are reached using a technique called continuous reduction test
before reaching the forming limit.
Articles presenting finite element models of metal spinning like Quigley
and Monaghan [72] reduce their processes using finite element models
with shell elements. Although this represents well the classical metal
spinning processes with no thickness variation, it does not apply for
thickness altering tube spinning and shall not be further investigated
for in this literature research.
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Figure 2.5: Spinning concept with rotating workpiece and process
forces, Xu et al.[95]

The radial rolling is a very promising candidate process for coupling to
the drawing stage. If implemented, it is important to consider the roll’s
positioning around the workpiece as discussed by the spinning process
of Xu et al. [95]. They describe the influence of unbalanced rolls upon
the spinning forces (see figure 2.5) and the consequence of the roller
quantity and central angles upon the contact areas under the rollers.
Furthermore, deflection measurements of the mandrel under eccentric
force conditions are performed on-line and investigated by FE simulations. A method of upgrading spinning machines with 2 rolls into one
with 3 rolls allowing higher feed and deformation speeds using the same
machine is presented at the end. The third roll is added asymmetrically such as two rolls sum up for the radial forces of the third one,
which performs the cumulated thickness reduction and maintains the
balance. This principle tested in spinning could be adapted for radial
rolling. Further in their work, Xu et al. [96] upgraded their experiments toward an experimental study for internally toothed gear using
plate blanks. This topic shows relevance for this thesis in the respect
that it is planned to roll pipes using toothed mandrels for inner surface
gearing. Matthew and Maijer present an experimental procedure for
warm spinning of cast aluminium components in industrial scale [76].
Their work discuss thermal and mechanical effects during the process,
but it focuses on the processing of automotive wheels, which gets too
far away from the tube deformation as the topic of this thesis. Xia
et al.[94] concentrate on the spin-forming of inner gear in thin-walled
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cup shapes as well. Their study analyzes the causes of non-uniform
tooth-height along axial and radial directions as well as wave shapened
ends of the produced samples.
Groche and Fritsche [24] use flow forming for the production of inner
toothed gear products. A toothed mandrel is wrapped with a cylinder
or tube and a roll pushes the material into the tooths. The outer diameter is reduced further with every pass of the rolls. With the aim
to develop a parametrized process model they variate kinematics and
number of rolls in three different tool concepts. Wong et al.[93, 92] perform an extensive summary over the historical development of spinning,
flow forming and shear forming processes and then present a similar experiment reducing the wall thickness of cylindrical components. The
effects of roller geometry and feed rates upon the material flow are analyzed and modelled using finite element methods. Their FE model
overcomes the difficulties of a rotating workpiece and the consequences
of large computation costs by fixing the workpiece and rotating the roll
around it at the same rotational speed.
Several radial rolling techniques are compared and tested in their capability of joining with a tube drawing process by Michele Crosio [11].
The usability of radial circumferential rolling with three rolls balanced
around the workpiece in a regular spacing of 120◦ is discussed first.
Their radial movement towards the workpiece results into a penetration and material deformation. The rotation around the product transforms the punctual forming into a deformation path. The target shape
is continuously formed and from the first touch, the rolls don’t loose
contact with the product anymore. The second process is the radial
pulsating rolling. The rolls are organized into grouped units which rotate around a common axis. Along the trajectory the rolls touch the
workpiece in one end and are free from contact on the other end. This
results into a pulsating behaviour on one single point in the surface of
the workpiece, since the rolls hit it once for every cycle. There is a further rotational movement needed around the workpiece axis to achieve
its homogeneous deformation. It is possible to differentiate between a
process were the rotation of the groups show into the same direction
as the rotation around the workpiece and a process were they are opposite to each other. The third form of rolling is an axial incremental
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rolling. This case consists of grouped rolls which have a common rotating axis transversal to the tube drawing direction. Similar to the
case before, the pulsating movement is a result of the periodic contact
between the rolls and the workpiece in each rotation. The additional
rotation around the pipe’s axis is necessary to form the deformation
line path. A superposed axial movement of the grouped rolls or the
pipe will therefore result into a deformation of the whole workpiece’s
outer layer. His findings will be further discussed in section 3.2.1.

2.3 Adaptive dies
There is an additional possibility to produce cylindrical workpieces
showing the characteristic of an alternating outer diameter. The concept of adaptive dies allows to change the shape of the contact surfaces
between tool and workpiece without tool dismantling, therefore producing variable shape outcomes. There are no relevant papers in this
very specific topic of adaptive dies in cold diameter reduction of tubes.
Nevertheless, patents for such processes are a valuable source of information concerning the state of the art. Therefore, this section presents
a screening of existing technologies concerning deforming the outer diameters of tubes and any axial symmetric workpieces.
During the scope of this thesis, an own concept for adaptive dies was
developed which will be explained in detail later. This makes it necessary to always make a reference between the state of the art and this
concept. The most important features of the patents will be highlighted
and for relevant patents, a distinction to the own concept is pointed
out. The distinction allows to estimate its technological potential for a
further development.
The movable dies in figure 2.6 as patented by Claussnitzer [9] are used
to adjust the opening orifice and thereby shape the drawn material such
as wires, bars and tubes. The workpiece is reshaped by means of a highwound wire winding (2) in form of a helix. The helix is twisted by fixing
one wire end (5,6) to a rigid part (7) and the other end to a rotating
disk (8). The disk can be moved after releasing the bolting (9) and
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rotating the clamping ring (10). The closure and opening of the aperture is further supported by radially adjustable flanges (4) positioned
by a controlled gearing (3). The difference to the planned adaptive die
consists in the wire winding, which is not used. The planned die uses
swivelling tool wings instead for changing the forming orifice.
The drawing tool for shaping long stretched workpieces and the correlated method patented by Lee [55] is suitable for the production of
electric poles and pylons of street lights. Cylindrical Workpieces with
one single diameter on both ends can be tapered into circular or angled
pipes. A traction tool pulls the material through the pipe forming unit
consisting of translatoric movable press jigs. Their position defines the
contact to the workpiece and gradually reduces the diameter by repeating the method. This patent further describes an option for deforming
the pipes using two rollers with asymmetrical grooves. The planned
adaptive matrix uses swivelling tools and no rollers.
Kennedy et al. [44] use three circular drawing discs, which form a crosssectional opening in the axial direction of the drawing, rotate and press
their profile into the tube lying between them. They are connected via

1 - Toolcase
2 - Wire winding
3 - Gearing
4 - Adjustable
flanges
5,6 - Fixed wire
ends
7 - Rigid base
8 - Rotating disk
9 - Bolts
10 - Clamping ring

Figure 2.6: Patent for an adaptive drawing tool, by Clausnitzer [9]
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a frame which holds them in place. The shaping area of the rollers
shows a ‘changing depth’ around the circumference, whereby a drawing opening is formed whose width varies. The opening is intended
to form round or polygonal cross-sections. The friction resistance of
the process is reduced by the co-rotation of the rollers. This patented
die consists of rollers which rotate in the same direction as the tube
flow. The planned adaptive die instead, consists of pendulums, which
remain in their position, so that the drawing opening remains constant.
The die-drawing device developed by Hinshaw [32] allows the production of hollow pipes directly out of rolled sheets. His concept involves
one preforming element followed by two grooved rolls. The rolls are
positioned opposite to each other and their angular alignment results
into a specific forming orifice after which the workpiece is cut. The
aim is to include all forming steps within one apparatus and reduce
the volume of solid stock. The result are pipes with different outgoing geometries bended directly out of sheets. The thinning of the wall
thickness can not be controlled due to the lack of a mandrel. A tube
drawing linked with axial deforming rolls is very similar to this concept.
Looking across the forming technologies, similar proposals for tool concepts can be found in extrusion. The inventors Jung and Malkus [39]
have developed a concept for continuously adaptive dies specially for
extrusion processes. Two rolls with a variable groove along the circumference seal the material outlet with an adjustable opening. The rolls
have an elastic contact surface, allowing a pretension of the tool. This
pretension deforms the opening, resulting in an ideal opening outline.
Without tension the tool shows a distorted shape and shows a gap inbetween the two rolls. Across patent literature, solutions with three
or more rolls are described, which brings along a higher complexity for
any technical implementation. They rely only on two rolls with the
purpose to narrow down leakage possibilities and keep a simpler system. Furthermore, the inventors approach the problem of tool contact
beyond the intended free passage. Due to changes of width or height in
the grooved channel on the rolls, the size and shape of the free passage
is altered on a parallel plane further down the stream of material. This
leads to the undesired tool contact altering the surface quality and geometry.
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Figure 2.7: Patent for an adaptive extrusion die, by Claude [8]

The draw mill for continuous extrusion of variable cross-sections was
invented by Lego Claude [8]. It is intended for the extrusion and drawing process as a technical solution in which the drawn cross-section
can be adapted during the process, see figure 2.7. The movable tool
parts come into contact with their end faces and should be able to support one another as well as be able to roll on one another. The angle
of rotation of the movable parts is adjustable and results in a certain
opening of the tool. This can be polygonal or cylindrical and lies in the
plane defined by the rotational axes of the tool components. This is
a very close idea to the concepts analyzed in this thesis. The pivoting
molds are meant for extrusion processes and need to be redesigned for
drawing processes. The tube needs to be pulled through the die instead
of pushed through, which has a different force flow as a consequence.
There are possibilities to improve the shape of the forming grooves.
The apparatus designed by Kato et al.[57] acts as an adjustable seal in
the extrusion process between an overpressure container and the exiting product. There are two essentially cylindrical bodies, which have
a varying profile in the circumference. The profiling together with the
opposing body produces a different cross-sectional opening depending
on the setting angle. The desired nominal contour is achieved during
operation by an elastic deformation of the two rolling elements. The
planned die is designed for the pulling of pipes, which according to
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DIN8582 and DIN8584 [14, 17] represents a different production process, mainly because of the process-determining force and the stress
prevailing in the workpiece. However, the desired nominal contour is
not achieved by elastic deformation, but mainly by the positioning of
the tool.
The patent of Dohmann and Becker [19] has many similarities with the
apparatus of Kato et al.[57] described above. The mechanism consists
of rolls and is drafted as a direct amendment for an extrusion unit. The
rolls are grooved along the circumference and their function is sealing,
calibrating, guiding or clamping the workpiece. Their angular position
defines the forming orifice and can be changed during the process. An
online section change is made possible by the connection to a control
unit.
The forming pendulum concept by Vydrin et al.[67] deforms the semifinished metal pieces stepwise. It is necessary to rotate the workpiece
by 45 degrees between each iteration to guarantee a uniform geometry.
The transition zone of formed and not yet formed material needs to be
machined by all rolls to ensure deformation of all sides. Many iterations
are needed for the completion of the process.
The drawing and rolling device invented by Groppini [29] is a further
patent for the production of frusto-conically shaped bodies with a variable forming orifice. Two Rotating elements with their rotation axis
on the same plane are shaped such as the interaction results in the
desired shape of the workpiece. The rolls are connected by the means
of a toothed surface, guaranteeing their synchronisation.
The patent of Barnhart [3] is one of the first describing a technical solution for an adjustable orifice opening. He mentions the combination
of drawing and rolling of tubular or rod-like products. The products
can have different cross-sectional forms depending on the geared rolls
that are adjusted to the right angular position.
Rolling tools for cross-sectional deformation are not only found in the
fields of extrusion and drawing. Flehmig and Grosserüschkamp [22] developed a technical solution for the continuous bending of planar sheets
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into round and axially varying profiles. They do not aim for linking
the apparatus with a forming feeder system, but the shape of their
rolls resemble the adaptive forming orifices of many patents mentioned
above. The two rolls touch one another in their circumferential direction. This contact surface is grooved in such a way, that the resulting
contour together with the opposite roll forms the target geometry.
The method for producing conical pipes directly from metal sheets
concepted by Moors [62] bases on calibrating rollers. Their tangential
speed at workpiece contact is slower than the tangential speed of the
material feeding. By varying the rotating speed it is possible to adjust the angle and the length of the conical region on the product. He
describes the possibility to link the equipment with a tool for welding
the formed blanks into a closed geometry with different diameters. The
position of the center axis of the pipe remains constant and the welding
tool position varies to cope with changing outer diameters.
The patents mentioned so far show a very high matching to the topic
of an adaptive die as it is planned and discussed further in this thesis.
The patents listed below, are important patents with a slightly lower
matching degree. Nevertheless they are important to capture the full
picture of the state of the art.
A method to form tubular metal blanks into tapered tubes on a tapered mandrel together with the necessary equipment was described
by Matthews [59]. His concept involves a deformable die made of robust plastic material such as Nylon. This die is embedded in a rigid
case and filled with a liquid. The liquid is pressurized and deforms
hereby the plastic, expanding the die and diminishing the opening for
the workpiece. Steering the pressure inside the die allows an adaptation
of the opening during the forming process and this opening deforms the
tubes passing through the die together with the mandrel.
The next method for tapering tubes is described by Hobart et al.[10]. A
conical mandrel showing the minimum and the maximum inner diameter on its outer surface is used to push into the tube for widening or held
in position against the die for reducing diameters. During the drawing,
the mandrel is moved and depending to its position, the conical form
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defines the tubular shape. There is the possibility to use a split die for
varying outer diameters. Another tube tapering device with a variable
die orifice is invented by Johns [41]. He uses radially movable sliders
which have a functional tip for deforming the material. The sliders
are mounted on a grooved tool including the radial positioning mechanism. In order to deform the complete circumference, the workpiece
is rotated and kept under axial tension. The tension shall allow a deformation without the use of an inner mandrel supporting the material.
The Japanese patent of Masayoshi [58] uses rotatable flaps to adjust
the size of the orifice. There are cylinders steering the flap angle which
in turn determine the radial opening. The mandrel is punched through
the orifice together with the tube and after deformation it is retracted
into its original position. This invention is not meant for the production of conical tubes but concentrates on thickness variations.
A method of forming the surface of metal billets is described by Walig
[91]. He mounts rolls on a mechanism able to move their rotating axis
towards the centre of the billets. This mechanism allows adapting the
target geometry for the originally four sided billets. The patent of
Hasegawa et al.[99] aims to control the rolling gap of four rolls radially
arranged around the drawing axis. The concept involving many sensors monitoring the actual roller position adjusts the dies symmetrically
around the forming orfice. The servos shift the dies constantly keeping
a constant gap and taking into account the inline feedback measurements for which a steering concept is suggested as well.
Further improvements relating to adjustable die boxes are patented by
Baker [40]. Four rectangular segments are movable and slide upon each
other. Two sides touch the surrounding segments, one side is supported
by the rigid frame and one side is in contact with a movable piston.
This allows a translational movement which in turn changes the forming orifice. The resulting geometry of the workpiece is not round, but
rectangular instead. Therefore it is a technical solution for adaptive
rectangular drawing dies.
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2.4 Additional incremental forming: Grob cold
rolling and radial forging
The incremental forming processes allow a high grade of flexibility in
achievable workpiece geometries due to a small tool impact area with
local deformation moving across the workpiece. The rest of the workpiece remains unaffected. The tools do not change during a period of
repeated steps and the process forces are of lower magnitude compared
to conventional bulk forming [25, 26, 28]. The processes are classified
according to the kinematics of their tools. There are tools moving predominantly in translatoric directions in the case of forging and others
in rotational movements, assigned to rolling processes. Radial rolling
and spinning are therefore classified as incremental forming processes
as well, since the same tools deform regions of the workpiece in more
than one loading and unloading cycle. Axial rolling is not considered
as incremental, since it is a process defined by the form of the die and
deforms a defined product region only, but passes by only once and
not several times. The new developments of process control and computational methods increased the attention for these labour intensive
processes. Precise controls allow the calculation of accurate paths for
the tools and therefore a kinematic forming of products. There is not
one unique product form any more, but this kinematic increases the
flexibility by allowing more product families to be manufactured on
one single machine. Furthermore, the product surface finishing is of
high quality as shown by the rotational forging experiments shown by
Müller [60] and there are attempts to integrate a joining process directly into the forming [27].
The Grob forming process for cylindrical full and hollow workpieces
[48] allows a precise alteration of the outer shape. The workpiece rotates along its axis and is punctually formed into its desired shape by
the hit of rotating rollers, see figure 2.8. This process allows the creation of radially an axially profiled geometries and relies on a localized
material deformation. The tools deform only the borders of the workpiece while the inside stays unaffected. In order to produce a geared
surface on the workpiece, its rotation is synchronized with the tool rotation. The workpiece turns and moves forward such as the contact
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Figure 2.8: Grob forming process, adapted and translated from Kurz
[48] and Grob [20]

with the tool moves in the width of exactly one tooth width. The tool
movement repeats with a speed of 30 500RP M and guarantees an incremental deformation of the tool. The Grob process speed will serve
as a benchmark for this work.
The radial forging or rotary sweaging in figure 2.9 is not classified as a
rolling but as a free forming process where the tools deform the workpiece by repeatedly striking the material. It allows to reduce the outer
diameters of tubes and bars by enclosing the formed surface and either
rotating the workpiece or the tools in order to achieve a homogeneous
deformation.
Groche et al.[26] combine the radial forging with another deformation
process Equal Channel Angular Swaging (ECAS). Their approach show
the possibility to integrate the radial forging into a continuous production line. Nevertheless the decisive disadvantage of this form of incre-
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1

1 - Forging bracket
2 - Workpiece

2

3 - Forging bracket

3

Figure 2.9: Free forming showing 2 of 3 tools, translated from DIN85833 [16]

mental forming is the periodic halt in the axial feed rate. For every
workpiece’s strike it is necessary to slow down and stop the supply from
the coil. This dynamic is not compatible with continuous tube drawing
and therefore the rotary forging will not be further investigated.
This section gives a broad overview on the state of the art of all relevant processes analyzed during this thesis based on papers and patents.
Nevertheless, the most important processes for this thesis are the tube
drawing and axial rolling. Therefore it is necessary to focus on them
and further elaborate their theoretical background in the next sections.

2.5 Introducing main force components in
drawing processes
Compared to more complex processes like extrusion, drawing processes
do not require complex tool and machine technology and rely upon the
empirical knowledge of the manufacturers for designing new forming
stages. Preussler [70] and Siebel [83] started with approaches for describing and classifying theoretical methods. Further developed as by
Geleji [23] or Kopp [84], it is possible to analytically determine the process forces. Geleji formulated an approach for the total drawing force
of cylindrical products such as bars and wires presented below. The
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total drawing force Fz (equation 2.1) is a sum of the normal FN Force
in equation 2.2, the friction force FR in equation 2.3 and deformation
force to overcome shear losses FS in equation 2.4.

FZ = FN + FR + FS

(2.1)

FN = km · (A0 − AE )

(2.2)

FR = AR · km · µ

(2.3)

FS ≈ 0.77 · α · kf m · AE

(2.4)

The individual forces mainly depend on the average deformation resistance km (equation 2.5) which is a function of the flow stress kf m (2.6),
the deformation angle α, the friction coefficient µ, the initial and final
cross section areas A0 and AE . The friction force depends further on
the contact area between the workpiece and die AR .
km = kf m ·

1 − 0.385 · α
1+

(A0 −AE )
2·AE

µ
· (1 + α
)

(2.5)

The average flow stress kf m in equation 2.2 is an approximation representing the mean value between the initial flow stress kf (φ = 0) and
the flow stress at the end of the drawing kf (φ = φmax ).
kf m =

kf (φ = 0) + kf (φ = φmax )
2

(2.6)

with
φ = log(

D02
2 )
DE

(2.7)

The total axial stress σz is calculated as the ratio between the force
and the final cross sectional area.
σz =
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FZ
AE

(2.8)

2.6 Elementary equations in tube drawing
Finally it is possible to judge the margin of safety of a drawing process
by relating the predicted total axial stress to the necessary stress for
further plastic deformation at the final cross section.
SF =

σz
kf (φ = φmax )

(2.9)

2.6 Elementary equations for process force
and stress estimation in tube drawing
The equations above deliver an approach for determining the process
forces and stresses for workpieces with a filled cross section. The drawing of hollow cylindrical workpieces such as tubes requires a more extensive approach for an analytical description of the stresses behaviour
as described by Schneider [79] and Dahl [12] and shown below in figure
2.10.

α

stages:
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III

σn σy
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σy 2 ε
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x3 =0
x0
x1 x2

σ+dσ

x

I
II
μσ
σy σ
n
σy 1
a

σ

Figure 2.10: The concept of a drawing process
The concept divides the drawing step into three deformation regions
bordered by X0 , X1 , X2 and X3 . For every region, the force equilibrium is formulated and delivers a differential equation describing the
relation between force and position of the elements. The integration
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of the equations with the according boundary conditions result into an
analytical approach for the process stresses.

2.6.1 Region 1 - diameter reduction
The first deformation region is a pure tube sinking. The outer diameter is deflected by the die and the inner diameter is freely deformed.
The volume element as seen in figure 2.11 visualizes the stresses in this
first region and the equilibrium of the horizontal forces delivers the first
equation 2.10.

μσn σy1
σn
D/2

x0

μσ σy1

r0
σ
dx

rm

rm+dr

σ+dσ

α

xA

rx
σ+dσ
μσy2

μσy1

σn

α

σy 2

xA

σ
ri
xB

σ+dσ

+σn · dAm · sin(α) + µ · σn · dAm · cos(α) = 0

xB

(2.10)

For sa /D < 0.1, a constant wall thickness sa is assumed for this first
deformation. The tensile stress in axial together with the compression
in tangential direction determine the flow stress. Furthermore, with the
use of a Tresca yield locus, this stress state results in no deformation
in radial direction. The components of the equation are the horizontal
and normal stresses σ and σn , the outer diameter D, the original tube
thickness sa , the mean radius at the specific element location rm which
Sa
is rm = D
2 − 2 , the section surface A defined as A = (rm + drm ) · sa · 2π
and the friction coefficient µ. The length of the considered element in
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Figure 2.11: Differential element of region 1

(σ + dσ) · (A + dA) − σ · A
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2.6 Elementary equations in tube drawing
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Figure 2.12: Normal force components

x-direction is dx and the conical surface perpendicular to the die geometry is dAm .
Further elaborating equation 2.10 and neglecting the second order elements dσ · drm leads to the equation 2.11.
rm · dσ + σ · drm + σn ·

D
· tan(α) · dx · (1 + µ cot(α)) = 0 (2.11)
2 · sa

In order to represent the normal stress σn as a ratio of the vertical
stress σy the total force Py is split into its components 2.12 as shown
in Figure 2.12.
Expressing the normal force and friction force as a multiplication of
stresses with the conical area element dsm , it results into equation 2.13.

Py = Fn · cos(α) − Fr · sin(α)

Py = σn · 2π

D
· dsm · [cos(α) − µ · sin(α)]
2

(2.12)

(2.13)

where dsm · cos(α) = dx (fig. 2.11). Defining the vertical stress σy =
Py
the total vertical force is reformulated to express the normal
2π D
2 ·dx
stress in equation 2.14.
σn =

σy
1 − µ · tan(α)

(2.14)
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Additionaly to the force equilibrium in horizontal direction, we take
into account the vertical direction as shown in figure 2.13, which results into equation 2.15.

μσ σy1
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σ+dσ
μσy2

σy
μσy1

σn

α

σy 2

σ
ri
xB

xA

σ+dσ

σy 1
σs

μσy2 σ
y2 ri
xB

sa

sa

σ3

σ3

α

Py
σn
dsm
dx

Fr

Fn

xC
Figure 2.13: Stresses in y direction

The force acting on the surface in y direction will be the same as in the
cut through the wall.
D · σy = 2 · sa · σ3

(2.15)

The maximum shear stress theory of Tresca is used as a yield criterion.
Therefore the difference between the axial σ and σy stresses will fulfill
the flow condition, see equation 2.16.
kf = σ − σy

(2.16)

The axial stress is negative in counter x direction in figure 2.10. Since
σ is the highest stress, σ3 as the lowest principal stress must be positive
although it is compressed. With −σy = σ3 this is taken into account.
kf = σ + σ3

(2.17)

Inserting the yield criterion equation 2.17 and the vertical force equilibrium 2.15 into the normal stress 2.14, it results into a new definition
2.18.

σn =
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2sa
1
·
· (kf − σ)
D 1 − µ · tan(α)

(2.18)

2.6 Elementary equations in tube drawing
Applying the normal stress equation 2.18 into the horizontal force
equilibrium 2.11 and further simplifying the terms with a constant
1+µ cot(α)
B1 = 1−µ
tan(α) we get the following differential equation 2.19.
rm · dσ = (−B1 · kf + σ(B1 − 1)) · drm

(2.19)

The terms with a radius component are sorted to the right and the
stress components to the left making it possible to set up the integral
for a solution of the differential equation. The boundary conditions for
the beginning of the region 1 are the initial stress σ0 at the radius r0 .
The boundaries for the end of the region will be the desired stress σA
for the final element at the position r1 .
Z

σA

σ0

dσ
=
−B1 · kf + σ(B1 − 1)

Z

r1

r0

drm
rm

(2.20)

The intervals represent the change of stresses and the corresponding
change of radius. At the cross section in the beginning of the deformation we have no stresses in axial direction σ0 = 0, rm = rm0 and
at the final cross section of the tube sinking zone x = x1 as shown in
figure 2.10 we will find the stress σ = σ1 , rm = rm1 . The integration of
both sides deliver the analytical approach for the stress σA at the cross
section at the end of the first tube zone as shown below in equation
2.21.
σA = σ0 ·

rm1 B1 −1
B1
rm1 B1 −1
+ kf ·
· (1 −
)
rm0
B1 − 1
rm0

(2.21)

This formula describes the behaviour of the compression-tension stress
state in the first deformation zone. The flow stress hardening kf is approximated using the average value of the flow stress at the beginning
and at the end of the deformation.

2.6.2 Region 2 - diameter and thickness reduction
The resulting forces of the second drawing stage, where the diameter
as well as the thickness are reduced simultaneously requires a new ex-
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rm

rm+dr

amination of the volume element b as schown in figure 2.14. The force
equilibrium in horizontal direction corresponds to equation 2.22.
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Figure 2.14: Differential element of region 2

(σ + dσ) · (A + dA) − σ · A + σn · dsm · sin(α)
+µ · σn · dsm · cos(α) + µ · σy2 · ri · dx = 0

(2.22)

The equilibrium uses the normal force on the volumetric element dFn =
dx
σn · dsm = σn · 2π · rx · cos(α)
to simplify the terms. Further elaborated
it results in equation 2.23.

σ · dA + A · dσ + σn · 2π · rx ·

dx
· (µ · cos(α) + sin(α))
cos(α)
+σy2 · µ · ri · dx · 2π = 0

(2.23)

Using the total force affecting the conical outer surface and reformulating it as a normal stress in function of σy we get equation 2.24.
σn =

σy
1 − µ · tan(α)

(2.24)

Inserting this σn into the force equilibrium 2.23 and using the geometdA
rical relation dx · tan(α) = 2π·r
it results into the new equation 2.25.
1+cot(α)
The constant K1 = 1−µtan(α) facilitates the further calculations.
σ · dA + A · dσ + σy1 · dA · K1 + σy2 · µ ·
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ri
· cot(α) · dA = 0 (2.25)
rx

σy
sa

σ3

2.6 Elementary equations in tube drawing
Based on the small thickness-to-diameter ratio sDa ≤ 0.1, the literature
suggests the assumption of σy1 ≈ σy2 . The next assumption is rx ≈ ri
with the argument of small differences in the area x1 ≤ x ≤ x2 and the
purpose of facilitating the integration.

σy1 = σy2 = kf − σ

(2.26)

The two assumptions together with the Tresca yield criterion 2.26 inserted into equation 2.25 deliver the equation 2.27 for the second deformation region in the drawing process.
Z

σB

σA

dσ
=
σ · (K2 − 1) − kf · K2

Z

A2

A1

dA
A

(2.27)

The constant K2 = K1 +µ· rrxi ·cot(α) facilitates the integration resulting
into an analytical formula describing the stress σB at the end of the
second deformation zone.

σB =

K2
A2
A2
· (1 − ( )K2 −1 ) + ( )K2 −1 · σA
K2 − 1
A1
A1

(2.28)

2.6.3 Region 3 - straightening

rm

rm+dr

The third drawing zone is mainly a cylindric guidance and a straightening of the deformed material. The sum of the horizontal forces on
the volumetric element c in the zone xB ≥ x ≥ xC = 0 results into the
μσn σy1 following equilibrium 2.29 where s is the final wall thickness.
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Figure 2.15: Differential element of region 3
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s
2π · rm · s · dσ + σy1 · µ · 2π · (rm + ) · dx
2
(2.29)
s
+σy2 · µ · 2π · (rm − ) · dx = 0
2
The stresses in vertical direction on the outer diameter of the element
is set equal to the stress in the inner diameter of the element σy1 = σy2 .
This approximation is allowed for thin walled tubes. The mean radius
rm = ri + s/2 shortens out. Considering once again the Tresca yield
criteria σy = kf − σ together with the assumption above, the equation
2.29 transforms to the last integral equation 2.30:
Z

σC

σB

dσ
=
σ − kf

Z

0

Lc

µ · 2 · dx
s

(2.30)

The solution uses the boundary conditions σ = σC for x = xC = 0 and
σ = σB for x = xB = Lc where Lc is the length of cylindrical part of
the die. It delivers the analytical approach for the final stress σC at
the end of the tube drawing process.
σC = e

−2·µ·Lc
s

· (σB − kf ) + kf

(2.31)

The equation 2.31 defines the final stress σC at the end of the last
deformation zone. It includes the stress σB equation 2.28 of the second
deformation zone which in turn includes the exit stress σA equation 2.21
of the first deformation zone. The values for the average flow stresses
should be adapted for each deformation zone taking into account the
deformations at the beginning and at the end of each deformation zone.
The maximal reachable deformation theoretically corresponds to the
ultimate tensile strength kf max of the material. Using this value in
equation 2.31, the result is σB = kf . Further using this in equation
2.28 and simplifying A2 ≈ A1 , this analytical approach delivers φmax
as shown in equation 2.32. Nevertheless, Schneider [79] and Dahl [12]
point out that in reality a security factor of 0.7 or 0.8 · kf max has to be
taken into consideration for safely running the process without failure.
φmax = ln(
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ln(K2 )
A0
)max =
A1
K2 − 1

(2.32)

2.7 Theoretical background for rolling

2.7 Theoretical background for rolling
Rolling is an incremental pressure forming process with the help of
rotating rolls. Additional tools like bars, mandrels, stoppers and bearings are used to further control the material flow. The force transmission occurs either by active rolls driving the workpiece or by passive
rolls driven by the rolling stock. According to DIN8583-2 [15] the roll
forming is characterized by the tool geometry, the kinematics and the
workpiece geometry. The geometries are either constant along the roll
diameters or show a negative imprint of the workpiece. The kinematic
characterization takes into account the roll direction and is either parallel, vertical or inclined to the material flow direction. The workpiece
is either planar like plates or sheets or has the form of a profile such as
bars or pipes.

M
αE
A

t1
Fz

E'

di1
da1

E

da0
di0

t0

A'
M'

Figure 2.16: The concept of a rolling process for pipes, based on Kopp
[47]
The boundaries of the forming zone are defined by the connections of
the points E-A-A’-E’ shown in figure 2.16 and the thickness as well as
the diameter of the tube. The rolling plane is defined by the connection between the centers of the two rolls M-M’. The rolled length ld in
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equation 2.33 is the projection of the E-A surface contact line on the
center line. It depends on the roll radius R and the thickness reduction
∆h.
√
ld =

R · ∆h

(2.33)

The theoretical background is based on the books of Hoffmann et al.
[34] and on the lecture forming technology III by Prof. P.Hora [37] as
well as on the overview of Pawelski [69] and Chenot [7]. The projection
of the whole surface contact area to the center of the pipe is the rolled
surface Ad . The smallest opening A-A’ between the rolls defines the final form. For sheet forming the distance between the roll center points
is adjustable and defines the final geometry. It is important to take into
account the elastic deformation of the roll frame that changes the roll
opening in the case of high process forces. Its stiffness is important and
if not taken into account, the workpieces will show offsets. In the case
of a planar sheet, the center areas will show larger thicknesses than the
borders and in case of tube rolling, oval forms will result.
The rolling of planar workpieces such as plates is defined by its reduction rate per pass. The thickness difference between before and after
the rolling stage is formulated as:
∆h = h0 − h1 = 2r · (1 − cos(αE ))

(2.34)

The αE is the angle in which the rolls are in contact with the workpiece.
It is also possible to define a deformation grade γ = hh10 .
The first moment of contact between the rolls and the workpiece determines the seizing of the rolls. There are two horizontal forces (figure
2.17) in opposite directions deciding about the dynamics of the rolling.
There is a normal component on the contact surface holding back the
material and there is a friction force dragging the material into the
forming direction. The sum of the forces in horizontal direction will determine the equilibrium and in order for the process to work, the forces
in pulling direction need to be higher as described below in equation
2.35.
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µ · Fn · cos(αE ) ≥ Fn · sin(αE )

(2.35)

For very large rolls the assumption tan(αE ) ≈ αE helps to simplify the
pull-in condition to:
µ ≥ αE

(2.36)

The typical values for cold forming are αE < 10◦ and for warm rolling
αE < 30◦ . After the first contact, the process conditions improve, since
the angle α is reduced towards the rolling section. The resulting normal
force Fn for the steady rolling contacts the pipe approximately in the
centre of the rolled length ld .
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Figure 2.17: Relevant forces for the seizing of the workpiece by the rolls,
based on [37]
The analysis of the stresses inside the deformation zone deliver more
knowledge about the material deformation and velocity inside the deformation zone. The rolled distance ld is subdivided into a slow zone
(SZ) where the material flows slower than the roll velocity at the surface
contact and there is a fast zone downstream (FZ) where the material
flows faster than the roll tangential contact speed. The point between,
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where the flow speed equals to the tangential roll speed and therefore no
relative speed occurs, is called no-slip point XF and the vertical surface
through it is defined as the neutral surface. The consequence of the law
of constant volume and the homogeneous material flow is the constant
material flow through all cross sections of the workpiece. Therefore, a
reduction of the area causes an increase of the flow speed. The rolls
have a constant tangential speed all along the circumference and along
the contact with the workpiece. Since the material does not show the
same speed, a relative speed between the surface of the material and the
rolls occur. The material speed in the beginning of the forming zone at
x = 0 is slower than the rolls tangent velocity. The speed increases to
a no-slip or neutral point where the material speed is equal to the roll’s
tangential velocity x = XF on the contact surface. The material speed
increases further, trespassing the roll’s contact speed and reaching its
maximum at the end x = ld of the forming zone. The friction resulting
from the difference in speed is a major reason for tool wear on the rolls.
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Figure 2.18: Forces on element for planar workpieces, based on Hora
[37]

Looking at a flat strip element inside the forming zone and the forces
affecting it, the elaborated equilibrium of forces in horizontal direction
delivers equation 2.37.
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2.7 Theoretical background for rolling

d(σx )
= 2 · σy · (tan α ± µ)
(2.37)
dx
σy is the stress component in vertical direction and µ the friction coefficient. As shown by Siebel [83] and Puppe [71], the use of simplifying
assumptions leads to the following equation 2.38 for the stresses in
horizontal direction in the slow zone:
σx (x)SZ =

x2
l2
−2 · kf m
·(
− µ · x − ( d − µ · ld ))
h(x)
2·r
2r

(2.38)

dx
cos(α)

(2.39)

where
dl =

has been used and the following equation 2.40 for the fast zone:
σx (x)F Z =

−2 · kf m
x2
·(
+ µ · x)
h(x)
2·r

(2.40)

The plate thickness dependent of the x coordinate is defined as h(x) =
2
h1 + xr whereas r is the radius of the roll. The location of the neutral
point is found at the position XF where the stresses have the same
value σx (XF )SZ = σx (XF )F Z :
XF = 0.5 · ld · (1 +

ld
)
2·µ·r

(2.41)

The location is therefore a function of the friction coefficient and the
rolled length as well as the roll radius. Figure 2.19 shows this effect
given a standard case of actively driven rolls with a radius r = 250 mm,
initial sheet thickness h0 = 4 mm, a reduction γ = 0.7, a sheet width
b = 1600 mm and a constant average material yield stress of 200 MPa.
There are no supportive forces for pulling or pushing the material. The
curve XF (µ) shows the possible locations for the neutral point XF
dependent of the friction coefficient and the max XF delimits the maximal value for XF before it gets out of scope. The maximal value is the
rolled length ld given by the roll radius and the reduction rate. The
neutral point has to stay within the 0 ≤ XF ≤ ld boundaries. The
graph reveals the minimum µ = 0.035 which is necessary to drive the
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plate through the rolls.
Furthermore the stresses in y direction are described below in equations
2.42 and 2.43. Here a Tresca yield locus is assumed and thus, the σy
values will correspond to the difference between the stress in x direction
and the yield stress:
σy (x)SZ = σx (x)SZ − kf m

(2.42)

σy (x)F Z = σx (x)F Z − kf m

(2.43)

The understanding of the stress states in the sheet rolling helps to understand the tube rolling as well. Since this work will focus on e.g. the
axial rolling of tubes, the influencing factors are similar. In figure 2.19
the stresses for the standard rolling case without external retaining nor
supporting forces in flow direction are represented on the right side.
All the stresses are negative, therefore rolling is classified as a pressure
forming. The stresses in x direction are lower than the ones in y direction. At the beginning of the forming zone the x stresses are zero and
the corresponding y stresses show the level of the yield stress. They
increase inside the slow zone until reaching the neutral point and decrease in the faster zone returning to the original levels at the zone exit.
The rolling without longitudinal forces shows zero longitudinal stresses
at the entrance and the exit of the forming zone. Additional loads
change this behaviour and taking into account the von Mises yield
criterion the following equation for the transversal stress at the entrance
of the zone is formulated:
2
σy (x = 0) = σR − p kf 0
(3)

(2.44)

The σR is the stress holding back the material and kf 0 is the yield stress
at the beginning of the forming zone. The stress σV at the exit of the
forming zone depends on the additional stress pulling the material as
well as on the yield stress kf e at the end of the zone. The additional
loads influence the position of the neutral point. Holding back the material moves the neutral point towards the end of the forming zone and
pulling the material shifts the neutral point to the beginning of the
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Figure 2.19: Neutral point positioning and characteristical stress distribution, based on Hora [37]

forming region.
2
σy (x = ld ) = σV − p kf 1
(3)

(2.45)

Roll forming of sheet material results in a stretching of the volume elements. The longitudinal direction is increased dx1 > dx00 the vertical
decreased dy1 < dy2 and the width remains the same dz1 = dz0 in
most of the cases. The temperature of the hot workpiece coming out of
the oven increases mainly due to the plastic heat generation during the
deformation step and the friction due to speed differences. The same
applies to the cold tube draw. Heat radiation and convection into the
environment between the deformation steps, heat conduction into the
tools during the deformation and the cooling agents are the possibilities
for regulating the temperature rising of tools and workpiece.
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Integrating the transversal stresses σy over the deformed length and
the width results into the necessary transversal forces operating on the
rolls:
Z

ld

σy (x) · b · dx

Fy =

(2.46)

l0

The pressure necessary to guarantee a roll deformation is influenced
by many factors as shown on this summary based on Hora [37]. The
analogies to the tube rolling are clarified as well.
• Increasing the friction coefficient µ
Large friction coefficient increase the average deformation resistance. This becomes important later for the axial tube rolling
since it helps to improve the roller for passive traction, see later
in the experimental setup section, figure 7.5.
• Diameter of the rolls
Larger diameters increase the arc contact length and therefore
the friction forces. This was taken into account while the first
prototype for the axial tube rolling step was designed.
• Decrease the deformation γ per pass
The results will show the influence of large deformation grades
upon the feasibility of the combined process. The influence of the
deformation grade is less for warm rolling than for cold rolling.
• Ratio of final sheet thickness and roll diameter
The deformation resistance increases for small rolls and large final
thickness.
• Rotational speed
The rolls used in the experimental setup of chapter 7 are passively
powered by the tube drawing. Their rotational speed is therefore
always determined by the workpiece, but nevertheless a slippage
occurs due to axial component of the rotational speed.
• Higher temperature lowers the forces
There is one process candidate mentioned in the introduction
which screens this influence factor.
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• Larger cross sections increase the deformation resistance.
• Introducing external support forces (pulling and pushing) lowers
the loads on the rolls. The pulling of the drawing sledge together
with the supportive force described later in section 3.4 will influence the combined process discussed in section 3.5.
The roll pressure is an important factor influencing the gap opening
geometry together with the structure stiffness of the roll frame and the
temperature distribution on the workpiece. The process forces and the
consequent bending moments and transverse forces result into a deflection of the rolls. In the most cases, the deforming rolls are supported
by larger ones and the contact pressure bulges as a hyperbola into the
rolling gap. The third major geometry interference results out of the
temperature distribution of the roll. The borders are cooler than the
center and assuming a gauss distribution, a crown bow results on the
roll’s surface. The overlay of the three distinct geometry interferences
results in the final bending which needs to be neutralized by countermeasures such as:
• Manufacture the rolls with a crown bow geometry
• The rolls and the rolls’ frame are pre-stressed
• The roll with workpiece contact is supported by a backup roll
It is possible to characterize the stiffness of a roll frame and therefore
calculate the resulting thickness of planar workpieces with the following
equation as described by [83]:

h1 = s0 +

F
C

(2.47)

The final thickness h1 of the workpiece is calculated as the sum of
the initial unloaded roll gap and the ratio between the rolling force F
and the roll frame’s stiffness C. The same conept applies to the rolled
diameter D2 in the case of pipes. The rolling force affects all parts
situated in the path of its flux through the frame and elastically deforms
them. This elastic deflection as a function of the force in the loaded
case is described by the stiffness of the roll frame and schematically
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represented together with the thickness reduction of the material below
in figure 2.20. A framework with a known stiffness characteristic will
elastically bend accordingly to the roll force necessary to deform a
sheet of original thickness h0 or a pipe with diameter D0 and thickness
t0 . The force necessary for the plastic deformation will expand the
roll framework widening it up and resulting into a larger thickness h01 .
By readjusting the rolls with an offset of −∆s1 the force equilibrium
between the workpiece and the framework will result into a new final
thickness h1 and outer roll diameter.
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Figure 2.20: Framework and workpiece response to process forces,
schematically based on Hora[37]
The thickness reduction of the material crosses the stiffness curve of the
roll frame in the operating point corresponding to the effective roll force.
The inclination of the frame’s characteristic curve is the stiffness C
N
[ mm
] and the inverse value is the deflection [ mm
N ]. The curve describing
the behaviour of the workpiece is determined by the flow stress of its
material, by the geometry of the roll gap and the friction with the
rolls. In case of differences between the calculated final thickness h1
and the target geometry, the main causes are inhomogeneous workpiece
thickness at the start of the roll forming or inhomogeneous material flow
stress throughout the coil.
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3 Technical concepts for
process combination
This chapter clarifies which technical concepts are suitable for merging
and evaluates the candidate with the best potential for further analysis.
The process development presented in this thesis, takes into account
a systematic approach to the development and design of technical systems and products defined by the VDI guidelines [85, 86].
In order to screen for matching processes, it is necessary to describe
a base case product in more detail as done in the first chapter of this
work, where the focus was determined. In table 3.1 the requirements
concerning the geometries described in section 1.1.1 and the process are
summarized. The workpiece needs to show several feasible features. A
thickness variation with constant outer diameters and varying inner
diameters. A conical product shape with varied outer diameters and
inner diameter. A section with constant outer diameter and varying circular or grooved inner diameter. The compatibility with the drawing
requires that the workpiece does not rotate, but translates only along
the axis. Furthermore, it imposes a tensile stress in the workpiece,
since it is clamped between the drawing die and the pulling sledge.
The products shall be manufactured in one single unit and at the same
time the new process must comply with the economically viable feed
rates described in section 1.3.
The literature survey and the state of the art revealed technologies
with potential to shape the targeted products. Nevertheless, some of
them are only useful as standalone processes. The combination with
the drawing step restricts them in one essential parameter, which is the
workpiece movement. Drawing is given and allows only a translation
along the axis, but no rotation of the workpiece. This is a decisive
characteristic and sorts out the Grob process and all spinning variants.
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Table 3.1: Requirements list
-constant outer diameter
-variation of inner diameter
-variation of outer diameter
-variation of inner diameter
-constant outer diameter
-variation of grooved and circular section
-workpiece does not rotate
Compatibility
-translational workpiece movement
with drawing
-tensile pressure
Feed rate
f ≥ fmin = 500 mm
s
Thickness
Variation
Conical
Geometry
Grooved
Section

The axial and radial rolling concepts remain. They are suitable since
the workpiece does not rotate and their forming capabilities meet the
geometrical requirements formulated in the list. In order to finally estimate their feasibility, the maximal feed rates will be further analyzed
in this chapter. They are essential for continuous operation and high
productivity demands in an industrial environment.
In order to assess the feasibility for the feed rates, some concrete product geometries need to be determined. The base case product of 300 mm
length has its first manufacturing step constrained to tube drawings of
initial outer diameters of 30 mm to 70 mm and wall thickness between
3 mm and 10 mm. The second step requires the deformation of outer
pipe diameters in the range between 20 mm and 50 mm as well as thickness varying between 2.5 mm and 8 mm. The feed rate in the drawing
step for the actual manufacturing sequence becomes economically vimm
m
able at 500 mm
s and runs with up to 1000 s = 60 min drawing speed.

3.1 Method for continuous diameter
reduction with and without profiling
The tube drawing process is a cold forming process used for manufacturing axial symmetric products. The original thick and short pipe
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3.1 Method for continuous diameter reduction with and without profiling
is drawn trough a die with a mandrel and results in longer products
with a thinner wall, a constant inner and constant outer diameter. For
many applications, a variation of the profile is necessary and even the
addition of specially shaped geometries e.g. gears may be required. To
meet these requirements, the semi-manufactured work piece is transported to other forming stations, cut into the necessary lengths and
further processes by e.g. forward extrusion, spinning and rolling.

D0

t0
90-α1

t1

t1
90-α2

rM1

rD1

t2

rM2 rD2

Figure 3.1: Relevant parameters in a multiple step drawing process
The tube drawing shows high dimensional accuracy and surface quality as well as increased material strength [53]. In order to reach large
deformation levels, the total tube deformation can be split among several draws, each one reaching the maximal allowed deformation before
thinning. The main process parameters are the drawing angles α, the
mandrel radius rM and the die radius rD [30] as shown for a two staged
process in Figure 3.1. Since this thesis aims to annex a second manufacturing step, it will be constrained to a single draw step. The drawing
determines the minimal production speed by defining the economically
viable and necessary speed. Furthermore, the plastic work of the tube
drawing is transformed in heat, therefore affecting the following deformation step. The deformation energy radiates into the environment,
conducts into the tools or remains in the workpiece, heating it up to
temperature levels of maximal 300◦ C for the analyzed material. The
workpiece is therefore lead further to the second step in a pre-deformed
and pre-heated state.
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Grooved die

Flush die
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t0
90-α1

rM1

Flush mandrel

rD1

t1

t2

rM2
Grooved
mandrel

Figure 3.2: Concept of profiled die and stepped mandrel with flush and
grooved sections for thickness and shape variations

There is the possibility to add a grooved profile on the outside of the
drawn tube with the use of a grooved die. A thickness variation and
a grooved inner diameter are also feasible with the use of a stepped
mandrel as shown in figure 3.2. The die shows a transition from a
flush towards a grooved geometry. The mandrel shows two radii rM 1
and rM 2 on the same drawing stage, whereas rM 1 is flush and rM 2 is
grooved. An axial movement of the mandrel positions either the first
or the second mandrel section into the forming zone where the tube is
deflected by the die. This results into two different shapes of the inner
diameter and creates an alternating tube profile.

3.2 Methods for partial and sequential
diameter reduction
Given the requirements list for the achievable product geometries in
table 3.1 and the fact that a drawing stage produces constant outer
geometries only, the second deformation step must target the outer
diameter variations. It must have the function of reducing the outer
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diameter of the product in specific areas only, enabling a periodical
repetition of a profile along the work piece.

3.2.1 Radial rolling - incremental forming

ωθ

φ

ωz

ωz

r

Figure 3.3: Radial rolling with a mandrel
The radial rolling as shown in figure 3.3 permits the deformation of
the outer diameter using 3 or more rolls rotating around the tube. The
rolls are shifted in axial direction and have different penetration depths
during the forming. The first starts the deformation and the last roll
penetrates the deepest into the material.
The radial movement around the pipe describes the kinematics of the
rolls. Their x and y positions are defined in equations 3.1 and 3.2. The
radial distance r is a function of time and set to form the desired target
product outline. The initial angle φ0 is unique for each of the rolls.
x(t) = r(t) · cos(ϕ + ϕi0 )

(3.1)

y(t) = r(t) · sin(ϕ + ϕi0 )

(3.2)

The angular velocity ωz around the pipe is defined as the fraction of
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the drawing feed rate vz with the increment in axial direction dz:
ωz =

vz
dz

(3.3)

In order to screen for suitable kinematics for a functioning system joining the drawing step, the requirement for a fast feed rate was diminished
to 100 mm
s . With this lower axial feed rate and an axial increment of
3 mm
,
the
rolling speed corresponds to 2000 RPM. This speed is acceptR
able compared to existing devices like the Grob machines with maximum rotating speeds of 3500 RPM [51]. Nevertheless, this does not
meet the requirements to combine this process with the drawing step.
The targeted feed rates of 500 mm
s would result into rotating speeds of
10 000 RPM for this concept surpassing the limits of existing mechanical systems.

3.2.2 Axial rolling
ωθ
ωθ

ωz

Figure 3.4: Axial rolling
The axial rolling as shown in figure 3.4 does not rotate the tools around
its longitudinal axis. Their centre of rotation remains steady and using two or more rolls the whole diameter can be deformed. The rolls
have a negative imprint of the target profile. While decoiling, the work
piece passes in between the rolls and is formed. The circumference of
a roll corresponds to the exact length of one target product. The axial arrangement allows very large feed rates since one roller revolution
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corresponds to one product length. For the case study of a product
length of 300 mm and the targeted feed rate of minimal 500 mm
s the rotational speed ωθ results in 630 RPM as given from equation 3.4 below.
The rollers are fixed to a cage and do not rotate tangentially around
the workpiece, therefore the ωz is zero. Nevertheless the rolls are not
adaptive and can be used only for one specific product. Furthermore a
rim appears on the workpiece in the zone between two rolls. The size
of the roll is proportional to the product length, therefore limiting it
to a maximum defined by the available installation space. The axial
rolling shows very low rotational speeds and shows no constraints in
fulfilling even the maximum speed of 1000 mm
s set by the maximum of
the drawing stage.
2·π
vz
,T =
T
L
ωz = 0
σII
[MPa]

ωθ =

Process forces
1.

2.

(3.4)
(3.5)
Yield locus

3.
2.

σI [MPa]
3.

plastic deformation belt

1.
1. Pressure/Tensile
2. Elastical state
3. Pressure/Tensile

Figure 3.5: Plastic deformation belt

3.2.3 Radial pulsating rolling
The radial pulsating rolling with a mandrel as shown in Figure 3.6 consists of three sets of rolls with their center of rotation moving around
the pipe. The pulsating element is a consequence of the steady hammering of the rolls against the work piece in the middle. High rotational
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speeds are necessary for the rolls, so they can cope with the axial drawing speed of the tube.

ωθ

φ

θ
ra

ωz

φ

rrcc

Figure 3.6: Radial pulsating rolling
The trajectory equations are an extension of the ones for radial rolling
with a superimposed circular motion as shown below in equations 3.6
and 3.7. The parameter rc delimits the distance between the axial symmetry of the workpiece and the center of rotation of the roller groups.
The rollers in turn are situated at a distance ra from their center of
rotation. The angle ϕ runs around the workpiece’s axial direction and
the angle θ determines the motion of the roller groups around their
rotation axis.
x(t) = rc · cos(ωz · t + ϕi0 ) + ra · cos(ωθ · t + ϕj0 )

(3.6)

y(t) = rc · sin(ωz · t + ϕi0 ) + ra · sin(ωθ · t + ϕj0 )

(3.7)

Two angular speeds ωz and ωθ are needed to further describe the kinematics in the equations 3.8 and 3.9 below. The parameter dθ describes
the angular increment of the entire roller group in θ direction.
ωz =
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vz
dz · #N umber of rollers

(3.8)

3.3 Pre-heating of the pipe
ωθ =

vθ
dθ

(3.9)

The parameter vθ describes the tangential velocity of the rolls in contact
with the outer radius of the workpiece:
vθ = ωz · (Ri + tr )
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Figure 3.7: Rotational speed for radial pulsating configurations
The rotational speed ωθ is sensitive to the angular and axial increments,
to the axial feeding rate, to the workpiece geometry as well as to the
number of rollers available in the process. The feeding rate and workpiece geometry are given parameters. The target is to achieve feasible
levels of rotational speed as encountered in literature. Based on these
equations M. Crosio [11] analyzes the deformation capabilities using
an FEM process simulation. He increases the axial and angular increments to a maximum until the deformation paths of the rolls result
into a helix. Furthermore, the number of rolls is increased and with
10 rolls it is possible to lower the maximal rotational speed below the
benchmark ωθ = 3274 RPM 6 3500 RPM at a feed rate of 100 mm
s (see
fig. 3.7). Nevertheless, the feed rate constrains this concept and makes
the targeted minimum of 500 mm
s not accomplishable.

3.3 Pre-heating of the pipe
The critical zone for necking of the pipe and hence failure of the process is situated immediately after the drawing stage, were the deformed
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pipe flows out of the tool. The load acting on this deformed area of the
material remains below the elastic limit. Therefore the shape remains
constant and the plastic deformation zone remains between the die and
the mandrel. If the targeted pipe deformation is too high, the stress
levels in the critical zone rise above the elastic limit and this region
starts to deform plastically possibly leading to a necking of the pipe.
One possibility to avoid this, could be to warm up the pipe before entering into the drawing die.
An increase of the temperature results in a lower material yield stress,
therefore lowering the necessary forces for the drawing step (equation
2.1). The tensile stresses in the critical area would lower accordingly.

T
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+400
+360
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+270
+230
+180
+140
+100
+60
+15
-30

Figure 3.8: Increased temperature in critical zone of heated tube
However, the yield stress in the critical area after the die lowers as well
due to the higher temperature in that zone as shown in the flow curve
equation 4.6 and the simulation figure 3.8. It will neck at lower tensile
stresses. Simulation details are found in section 4.3. The solution would
be to heat up the pipe before entering the drawing stage and to cool
it down as fast as possible right after. With a drawing speed of 80 mm
s
a node has 0.225 s to pass the 18 mm long contact zone in the die.
This is the available time span for cooling. Despite slower motion and
extreme cooling (workpiece at −20◦ C, heat transmission coefficient =
30 000 mW
2 ·K ), it is not possible to improve the process. The cooling is
not fast enough to achieve a considerable recovery of the yield stress to
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avoid failure. The preheating of the pipe is therefore not an option to
implement and improve the combined process.

3.4 Supportive force
supportive
Force

supportive
Force

drawing
Force

Fn
protective casing

Figure 3.9: Supportive force during the drawing stage
The conventional tube drawing is limited by a maximal stress in the
critical zone of the pipe outlet, positioned immediately after the drawing stage. This maximum is given by the flow stress of the material
corresponding to the equivalent total deformation ϕv in the product’s
section. If the drawing force Fdrawing averaged over the section’s surface AE exceeds the local flow stress kf (ϕv ) (equation 3.11 ), the material continues its deformation. Since the mandrel does not support
the inner diameter anymore, the deformation occurs on the inside. The
deformation diminishes the cross section area and therefore increases
the stress further. A pipe constriction between the drawing sledge and
the drawing stage is the consequence and the process fails.

Fdrawing ≤ Fmax = kf (ϕv ) · AE

(3.11)

The concept of providing a supporting force during the drawing step
has the potential to expand the tube drawing process window. It relieves the stresses in the critical zone of the pipe outlet, positioned
immediately after the drawing stage.
The supporting force is compressive and thus subject to buckling risk.
It is limited as well, defined by the 4th case of Euler’s critical load in
equation 3.12. The tube is clamped into the drawing unit by the die
and the mandrel in one end while kept in position by the supportive
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tube on the outside and the force is applied on its other end. Euler’s
buckling force is higher than the necessary forces to begin plastic deformation at the yield stress. Therefore the specific tube yield stress is
decisive for tube collapsing and the supportive force should stay below
it, see equation 3.13. The yield force is at the same time the process
borderline towards very strong supportive forces. For a raw pipe of
34MnB5 material, with an outer diameter of 46 mm and a cross-section
surface of 490 mm2 , the maximum supportive force is −230 kN. Using
this maximal supporting force on the extended elementary plasticity
model provided by Schneider [79], the resulting process stress levels
diminish. The feasible cross section is now 205 mm2 , corresponding to
58 % area reduction and this consists of an improvement of 14 % in the
area reduction.
4 · π2
·E·I
L2

(3.12)

Fsupport ≤ Fyield = Rp02 ∗ A0

(3.13)

Fsupport ≤ Fcrit =

Figure 3.10 shows the process borders for the example in a graphical
manner. The lower left corner is delimited by the maximal supportive force before yielding, marked by the black zone. The blue zone
to the right marks non feasible process space, since it would require
an increase of the drawn area. The red line represents the maximal
drawing force and demarks the zone of failure due to necking. Starting
from the original cross-section surface A0 and moving towards smaller
surfaces, the limiting drawing force in red increases due to the material hardening and, after reaching a peak, decreases again due to over
proportional decrease of the final cross-section area in relation to the
hardening. The drawing force of the not supported case (Fn = 0 kN)
increases steadily, the smaller the final cross-section area gets. The
crossing with the red line defines the maximum area reduction achievable with this set of geometry. According to the safety factor chosen
for this graphic (Sf = 1.5), the process limit occurs before reaching
the maximum drawing force. Plotting the expected drawing force for
supported processes Fn = 100 kN and Fn = 230 kN the graph reveals
lower levels of drawing force. The critical zone in yellow is reached
later and therefore a larger deformation in thickness and diameter is
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possible before failure. The bar plot on the right shows the maximal
reachable tube deformation as the sum of thickness and tangential deformation. Since the die diameter is kept constant at 40.2 mm for all
runs in this example, the larger deformation comes from the increased
thickness reduction.
The increased supportive force allows to raise the achievable total wall
thickness and is a suitable process to be further analyzed. It is complementary to the drawing and rolling combination.
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Figure 3.10: Process windows built upon a plastomechanical approach
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3.5 Evaluation and combination of processes
All presented rolling concepts show feasible ways to achieve the conical
geometries, the thickness variations and the grooved sections as shown
in the overview below in table 3.2. Nevertheless, the minimal feed rate
for an economically feasible potential is a decisive component and is
ensured only by the axial rolling concept. The feed rate has a major
impact on the production rate and the achievable lot sizes.
Furthermore, concerning the radial pulsating rolling, the constant hammering on the surface of the pipe permits a local incremental forming
of the product that outruns the standard forming limits (Crosio [11]).
But at the same time, it decreases the high surface quality resulted from
the drawing step. The periodic hammering on the material generates
grooves on the surface elements and induces an unsteady axial force
through squeezing of the material. Whereas the surface quality can
be increased by an improved process control, the unsteady additional
axial forces can cause an undesired impact on the drawing process. A
rolling cage containing this system shows a large degree of complexity
which is a disadvantage compared to the simpler radial and axial rolling.
The process forces are steadier in the radial rolling compared to the
radial pulsated rolling since the rolls do not hammer on the surface,
but stay in contact from the beginning to the end of their forming
step. The steady movement results in a better surface quality, which
can even be improved by higher rotational speeds where the rolls run
several times on the same path, passing over the same surface more
than once. The lack of hammering produces small fluctuations in the
axial material flow due to squeezing, therefore lower interferences on
the axial drawing force as well, which is important given the aim to
couple the two processes.
The axial rolling allows keeping the drawing speed at a constant value
and does not induce a bottleneck into the manufacturing process. The
same speed is important in order to couple the two processes immediately after each other. The rolling process is able to support the
drawing process with an additional drawing force if actively powered
rolls are used. The dimensional accuracy of the product as well as its
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reproducibility have to be iteratively optimized since the rolling stage
occurs without a mandrel. The lack of a mandrel supporting the centre of the pipe leads to a free deformation surface in this inner region.
The free deformation induces an inner diameter and an inner transition
profile from large to small diameter that is controlled only indirectly
over the form of the rolls and the drawing force. The axial rolling is a
form-fitting process that requires new rolls for each product since they
have a negative shape profiled on them. In addition, there is a rolling
gap between the rolls, which induces rills along the axial rolling direction. The induced rolling gap is minimized by using three rolls instead
of only two rolls for the whole pipe coverage. Three rolls allow a more
suitable distribution of the angle of pressure between the axis of the
roll and its contact with the pipe.
Table 3.2: Concept Compatibility Overview
Radial
Axial
Radial Pulsating
Rolling Rolling Rolling
Thickness
X
X
X
Variation
Conical
X
X
X
Geometry
Grooved
X
X
X
Section
Compatibility
X
X
X
with drawing
Feed rate
x
X
x
The evaluation of processes done in this chapter is necessary for shortening the diversity of solutions towards the specific application of this
thesis. Furthermore it ensures the transition from a phase with maximum of innovation potential towards automated solutions as elaborated
by Danzberg [13] in his approach for automated tool development.
A reasonable approach for tool development is discussed by Hitz [33],
who demonstrates its complexity if boundary conditions are not clearly
given. The feasibility of a workpiece with its geometry, tolerances and
lot size is dependent from many factors around it. It interacts with the
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next layer of complexity, the material characteristics which in turn are
a part of the process parameters. These depend on the tool capacities,
the equipment potential and finally the production planning. Tool development must consider every aspect, starting from the outer layer of
the solution process, the production. If one aspect of the concept ideas
is not compliant, as for the feed rate above, it fails and does not allow
further steps towards the realisation of a new workpiece.
The axial rolling concept is compliant with all defined requirements and
is therefore chosen to be further developed. It shows the best potential
for merging with the drawing step and allows as well the integration
of the supportive force concept. The merging results in a supported
drawing linked with an axial rolling as shown in figure 3.11 with the
potential to deliver the targeted semi-manufactured pipe.

supportive
Force

awing
rce

Drawing Die
Initial Pipe
protective casing

Outer
Diameter

Fn
Mandrel

Inner
Diameter
Shaped Rolls

Figure 3.11: Merged concept: supportive force with drawing and axial
rolling, axial cut

3.6 Process arrangement
The serial nature of the process order leads to a failure in the weakest
link. There is no possibility to avoid a weak process by building in
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redundancies, such as parallel deformation of the same product area
at the same time. The drawing acts like a brake for the material flow,
building up the tensions in the semi-finished product. Any deformed
area between the die and the drawing sledge will be under tension.
Therefore, it would make sense to perform any production step that
ads process forces in axial direction before the drawing and not afterwards, avoiding any further loading on the already critical area. This
argument would lead into a rolling step situated before the drawing
step and needs to be analyzed.
However, the sequence of the processes is not only relevant to the stress
loads, but as well to the achievable product families. Since the drawing step is set, it can be performed either in first place or in second
place. Hence, the rolling stage is able to deform the outer diameter
of the pipe accordingly. If the rolling is situated after the drawing, it
is possible to imprint an alternating pattern on the outside diameter
of the final product as suggested in the final merged concept in figure
3.11. However, if the rolling comes before the drawing, any preformed
alternating pattern it might produce, will be deformed into a constant
pattern given by the drawing die as represented in the row I of figure
3.12. The necked outer diameter in the rolling stage is smoothed out
in the drawing stage and alternating outer diameters are therefore not
possible anymore for section ‘B’. The same happens if the outer diameter is not necked but a pattern such as a grooved deformation is applied
in row II. It is not possible to keep the outer forms if the drawing step
smooths it out constantly.
Nevertheless there is one meaningful case where a rolling stage makes
sense to be situated before the drawing. The row III shows a possibility to pre-form the grooves on the pipe which are further calibrated
during the drawing step using a grooved die. This possibility becomes
obsolete if a pre-grooving is unnecessary whenever the drawing step
alone would allow for the complete filling of the grooves. By positioning the drawing in first place and the rolling in second as proposed in
the chapter before, the important geometries above become feasible in
rows IV and V where the potential products design space is the largest.
The advantage of a wider product spectrum prevails over the disad-
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Figure 3.12: Process order is relevant
vantage concerning the loading sequence. The targeted products do
not show a grooved outer diameter. Hence, the configuration V of first
drawing and secondly axial rolling with flushed rolls will be further
evaluated.
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The next step after analyzing the kinematics of the concept candidates,
is the setup of the virtual models such that a more profound evaluation can be performed. The models are used for testing and further
development of the forming step. An adequate level of abstraction representing all major influences on the process is necessary. The software
‘MSC Marc Mentat’ and ‘Simufact Forming 2016’ have been used to
reproduce the three geometries presented in chapter 1.

4.1 Material characterization
The FEM modelling of the pipe drawing process requires a thermomechanical characterization of the material behaviour. The materials
analyzed in this work are a 26MnB5 and 34MnB5 steel. The effects of
parameters such as temperature, strain rate and strain dependency on
the flow stress are modelled and interpreted.
The design of experiments considers three temperature levels of 20 ◦ C,
100 ◦ C and 200 ◦ C as well as three strain rate levels of 0.5 s−1 , 2 s−1 and
4 s−1 . The material samples as shown in figure 4.2 are deformed using
a compression test in a dilatometer and the measured data is fitted into
a Hensel-Spittel flow curve. For every temperature and strain rate two
runs are performed. A Dilatometer DIL 805 A/D from TA Instruments
is used to perform the experiments altering the deformation speed and
the temperature of the sample. The cylindrical samples are eroded out
of the available pipes. With a diameter and height of 5 mm they are
mounted between the clamps, heated up and compressed until a maximum of 1 mm following a predefined program as shown in Figure 4.1 .
The plastic deformation in tube drawing reaches high levels and therefore a material model suitable for large strains is required. The data
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Figure 4.1: Heating and forming program of the compression test

collected in the experiment is prepared and fit into a Hensel-Spittel
[31] model as given by equation 4.1. Using a nonlinear regression of
the measured flow stress kf on the predictors in the plastic strain φ
the coefficients of the Hensel-Spittel flow curve are calculated using the
nonlinear regression function ‘nlinfit’ in Matlab. Given a set of initial
values, the algorithm estimates the coefficients using an iterative least
squares estimation [81, 36]. The raw data includes measurement of
time, stroke length, temperature and force. It requires some preprocessing before the fit where the elastic deformation is cut off and the
stress is calculated using the true stress formula of equation 4.2.
kf (φ, φ̇, T ) = A · em1 ·T · φm2 · φ̇m3 · e
kf (φ) =

F (t)
F (t) −φ(t)
=
e
A (t)
A0

m4
φ

(4.1)

(4.2)

The measurements are interpolated into a fixed set of strain values
in order to homogenize the amount of points in the observed strain
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interval for all experimental runs and avoid overweighting. With the
same sampling frequency, the experimental runs with low strain rate
will show more measured points than the fast compressing run for high
strain rates. If the data is not homogenized towards the same line
density, the non-linear regression will overweight individual runs and
invalidate the fitted coefficients. The next step involves averaging the
identical runs and making sure the measurements are averaged with
a proper span to avoid noise. This leads to a proper monotonic increasing dataset ready for fitting. Finally it is necessary to adapt the
Hensel-Spittel function, so that all coefficients show the same order of
magnitude. These preparations allow a proper coefficient fitting from
the point of view of measured data and fitting function. After fitting,
the extrapolated models are compared to pre-strained material data for
validation.

4.1.1 Compensation for friction effects
Given the compression of an axialsymmetric cylinder not neglecting the
aspect of friction, the deformation of the samples does not occur homogeneously. Due to the frictional forces between the sample surfaces and
the equipment clamps, the cylindrical samples form bulges, as shown
in Figure 4.2. This aspect has consequences on the prevalent stress in
the several cross sections. Therefore the calculated flow stress has to
be corrected as suggested by Lange [53] by using the integration of the
normal stresses over the top surface area in equation 4.3. This results
in the relation given by 4.4 and applying it on the measured data as in
4.5. The result is a material flow stress corrected by the consequences
of friction.
Z

1
· dA
· µ · dl
A 1+


1
d
Fz = −A · kf · 1 + · µ ·
3
l
Fz =

·

(4.3)

1
3

kf,correct = σz,measured ·

1
1+ ·µ·
1
3

(4.4)

d
l

(4.5)
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1

2

a)

b)

Figure 4.2: Material samples, before (1) and after (2) compression experiment and Normal stress distribution on the top surface
of an axialsymmetric sample, considering friction [53].
The material analysis leads to a yield stress Rp0.2 variation depending
on the temperature as shown in table 4.1. An average value of 330 MPa
is taken for both materials. The evaluation of the experiments delivers
the coefficients in equation 4.6 for the 34MnB5 tempered steel. The
diagram for the flow curve is shown in figure 4.3.
kf (φ, φ̇, T ) = 1056.63 · e−0.0012·T · φ0.0777 · φ̇0.0043 · e

−0.013
φ

(4.6)

The coefficients for the tempered steel 26MnB5 are shown in formula
4.7 with the according diagram in figure 4.4. The determined yield
stress is slightly lower at
kf (φ, φ̇, T ) = 990.38 · e−0.0013·T · φ0.0881 · φ̇0.0071 · e

−0.0142
φ

(4.7)

Further parameters are extracted from literature, such as Young’s modkg
ulus 210 000 MPa, Poisson’s ratio 0.3 and density 7850 m
3.
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Figure 4.3: Flowcurves for 34MnB5 Material, temperature and strain
rate dependency

Table 4.1: Overview
Material
Rp0.2 , T=25 ◦ C
Rp0.2 , T=200 ◦ C

for material
26MnB5
350 MPa
300 MPa

yield stress
34MnB5
380 MPa
280 MPa
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4.2 Friction coefficient
The process models require a precise definition of the friction coefficients prevailing on the surfaces inside the forming zone. It is hereby
important to closely describe the conditions appearing in the tube drawing and rolling and simulate them in an experiment for measuring the
friction. The surface of the die and the mandrel are in contact with the
workpiece resulting in substantial normal stresses. The normal forces
and the topology of the surfaces in contact determine the resulting friction forces that are a major component in the total drawing forces.
A Coulomb model as described below is used to represent the friction
behaviour in the simulations. It is limited to a low bandwidth of normal
forces and stresses. It does not correlate well with experiments as soon
as the stresses rise above the flow stresses of the material. The Coulomb
model predicts linear increasing shear stresses coinciding with the rising normal stress as described in equations 4.8 and 4.9. The physical
limit for the stresses suggests different friction models, such as using a
non-linear coefficient of friction, using shear friction models or defining
an upper limit in a bilinear model. [63, p.608]
kσt k < µ · σn f or stick conditions

(4.8)

σt = −µ · σn · t f or slip conditions

(4.9)

In order to determine the friction coefficient µ for the Coulomb friction
model as described above, it is necessary to perform a set of experiments. The Tribo-Torsion-Test as described by Karadogan et al.[42]
pushes a conical material sample as shown in table 4.2 against a fixed
socket with a determined pressure. Measuring the axial force and resulting torque it is possible to compute the value of µ.
The normal stresses and process temperatures are extracted from a reference tube drawing simulation described later in section 4.3. It shows
contact stresses in the range from 400 MPa to 1000 MPa and temperature increasing from 25◦ C up to 200◦ C. This is the range determined
for the experimental conditions for friction testing. Furthermore, the
samples are prepared with oiled and phosphated surfaces reproducing
the workpiece’s composition. The main disadvantage of the coulomb
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friction model is its unlimited increase of the shear friction stress. In
reality, the maximum corresponds to the shear yield stress of the softer
friction partner. Therefore, Coulomb’s model should only be used for
normal stresses below the material flow stress σN < Kf . The contact
stresses in tube drawing and rolling can be slightly over the yield stress
boundary as shown in section 7.2.2, but remain in an acceptable range.
The experimental equipment used to perform the experiments is a torsion machine STD810 of the company Baehr Thermoanalyse. The station allows the superposition of mechanical and thermal loads. The tension and compression stresses are reached either by the axial positioning
of the tools or by a force controlled movement. The force controlled
movement allows experiments up to a maximal force of |Fmax | = 3.5 kN
with an error of < 1%. The torque measurement allows values up to
100 Nm with a measurement error of < 1%. The angular positioning
measures a repeat accuracy of 0.002%. A thermal coil around the sample heats up inductively and a cooling is possible using N2 gas. The
inductive heating is controlled using a single thermal sensor soldered
directly on the sample’s surface. Since this temperature measurement
is adopted for the whole cylindrical sample, it is important to place
the sensor in the middle of the sample to minimize the error. The constant temperature monitoring allows to keep homogeneous levels inside
the samples’ body. The heating performance using the inductive coil
allows a quick warm up as well as quick reactions to heat dissipation
and generation through plastic deformation. The experiment chamber
has a vacuum pump and an inlet for inert gas atmosphere in case it is
needed to avoid oxidation on the sample. All the relevant parameters
such as the process parameters Temperature, revolution speed, Force
and the measured torque are logged in function of time.
The experiment is performed with an axial force of 3500 N corresponding to a contact pressure pN (Equations 4.10, 4.11) of 400 MPa on the
sample. There are two types of probes, with oil and with a phosphat
coating plus oil. Measuring the torque, it is possible to calculate the
friction coefficient following the equation 4.12. The sample geometry
as shown in table 4.2 has the form of a truncated cone and is defined
by its bottom radius R, the top radius r and its height h.
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FN =
pN =

Faxial
sin(α)

(4.10)

p
FN
, Ap = (R + r) ∗ π ∗ (R − r)2 + h2
Ap
µ=

(4.11)

M · sin(α)
Faxial · rm

(4.12)

The measured torque for the different surfaces and temperature experiments is shown on the left side in figure 4.5 and the corresponding friction coefficients on the right side calculated with the equations above.
All torque levels are very small situated on the lower bottom of the measurement capacities and oscillate between 1 and 3.5 Nm. The samples
with a higher temperature show lower levels of torque than the colder
ones. The oiled samples show a tendency to lower levels of torque than
the additionally phosphated samples. The low values make it difficult
to distinguish between different surface characters and draw conclusions. The Equipment is able to measure up to 100 Nm torque levels

Table 4.2: Overview for friction experiments
F

T

• Inner large radius R: 3.3 mm

α

R

• Axial force: 3500 N

Ap

r

• Inner small radius r: 2.9 mm
• Measured α: 4.5 o
• Conical surface Ap : 100.6 mm2

F

• Contact pressure pN : 400 MPa
• Surface preparation:
phosphat + oil

oil and

75

4 Virtual modeling
and the oscillations of magnitude 1 Nm are justified in one hand by the
1% error tolerance and on the other hand by a slight dynamic unbalance of the equipment.
The friction coefficients show very low values in general. The highest
coefficient is 0.02 for the phosphated and oiled experiment at 25◦ C.
The lowest coefficient is 0.01 for the oiled experiment at 180◦ C. The
low friction value of 0.02 is in accordance with the literature, as found
in Gummert [30].
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Figure 4.5: Experimental acquisition of Coulomb friction coefficient
Nevertheless, the warm experiments show lower friction values than
cold ones. The standard expectation for oiled surfaces is an increase
of the friction factor with an increase of the temperature. The oil’s
viscosity decreases with increasing temperature and with it, its bearing
capacity. At normal temperatures the friction decreases with higher
contact pressures. By increasing the contact pressure a process of deforming and flattening the surface roughness starts and therefore decreases friction. If the pressure exceeds certain limits, the effect is
overrun by a rewelding influence of the material between the surfaces.
Higher temperatures are able to increase the flattening of the surface
roughness by lowering the necessary flow stresses for plastic deforma-
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tion. Therefore, combined with higher pressures, the material softens
and gets less resistant to deformations, e.g. shear deformations due to
shear stresses resulting in the observed low values for friction factor µ.
Based on this results an assumption for the friction factor between
µ = 0.02 and µ = 0.01 can be justified. Since the expected contact
pressure in the drawing process is even higher than the one encountered
in the experiment, a lower friction coefficient is expected and makes it
justifiable to use the low values for the FEM simulations.

4.3 FEM model 1 - Drawing of tubes with
variable thickness using a stepped
mandrel in 2D
The first virtual model only focuses on the drawing stage and represents the transition between the thickness reductions. This process is
axially symmetric and therefore facilitates its representation as a twodimensional finite elements problem. As shown in figure 4.6, the model
consists of a meshed deformable workpiece, a stepped mandrel, a drawing die and a stopper for the mandrel. The symmetry line shows the
center of the model and points out the axial drawing direction. It will
be constructed using the two different Software packages of ‘Simufact
Forming’ and ‘MSC Marc’ due to different automation possibilities.
The boundary conditions applied on the drawing die are fixed displacements of all border and internal nodes. Therefore the die does not
change position for the whole process time. The deformable workpiece
is pulled through the opening by the boundary conditions of a given
displacement on the tip of the tube. The mandrel is free to move in axial direction, but fixed in radial direction. The mandrel stopper moves
back and forward according to a table of a given position over time.
The workpiece has contact with the die and the mandrel. The mandrel
has contact with the stopper.
It is necessary to justify the boundary conditions used in this model.
The given displacement of the tube tip is a close approximation of the
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Figure 4.6: Simulation model 1 for the drawing stage: tools, workpiece
and boundary conditions

force application by the drawing sledge. In reality, the undeformed
tube has its tip sharpened in order to fit through the die’s orifice until it sticks out on the other side, where the drawing sledge grabs the
tube. The movement of the drawing sledge is given by the drive of the
machine and modelled as the given displacement applied on the first
column of nodes of the tube. The mandrel is fixed in the radial, but
free to move in axial direction. It is dragged into the correct position by
resulting friction forces due to the contact with the workpiece. Its axial
movement is only restrained by the stopper which blocks the way. The
stopper represents the long mandrel bar of the real process and does
not pull the mandrel into position. It can only retain the mandrel or
make space for further axial displacement driven by the friction forces.
This represents the same behaviour of the long mandrel bar, which can
absorb tensile loads only. The drawing die is mounted into a cylindrical pocket at the drawing stage and is not able to move, therefore no
degrees of freedom are present.
In the simulation software ‘Simufact Forming’, the boundary conditions
are always implemented in the form of tools. It is not possible to apply
them directly upon single nodes. However support tools fulfil this task.
In a first step, the die and the mandrel are modelled as deformable tools
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without heat conduction properties. The material properties are set to
hard metal. The Young’s modulus is set to a constant of 600 000 MPa
and the Poisson’s ratio to 0.22. The material properties of the workpiece, especially the flow curve of 34MnB5, were determined earlier in
section 4.1. The friction behaviour is described by the Coulomb friction
law and is used for the contact between the workpiece and the drawing
die as well as the mandrel with a coefficient of 0.02.
The workpiece and the tools are meshed with elements of an initial size
of 1.1 mm to 1.3 mm. The used element type 10 is an arbitrary quadrilateral axisymmetric ring with four nodes and two coordinates in global
axial and radial direction. The remeshing of the workpiece based on
the tool penetration and on the strain change, leads to elements of
the size of 0.6 mm after the drawing stage. Large deformations are
expected, therefore it is important to activate the large strain option
and updated Lagrange for better solutions. The convergence testing is
performed allowing a relative force tolerance of 0.1 for the residual force.

4.3.1 Model upgrade for automated calculations and
implementation of supportive forces
In order to allow an automation of pre- and postprocessing, the model
is rebuilt in another program and upgraded. It is necessary to use a
general purpose FEM program allowing more possibilities for scripted
model adaptation than provided by ‘Simufact Forming’. Using ‘MSC
Mentat’, the model is rebuilt with the same specifications as above,
except the tools of the model as shown in figure 4.6 are set as rigid
bodies and the only deformable body remains the tube.
In order to increase the possible deformation, the use of supportive
forces in one drawing stage is simulated. For this, model 1 is altered.
The adaptation of this axial symmetric 2D ‘MSC Mentat’ tube drawing
model includes an extension with a bending support around the original
pipe and a pushing tool behind the original pipe. The pushing nodal
force is applied on a single control node linked to the geometric body
of the pushing tool. In order to achieve convergence using the pushing
force, it is necessary to facilitate it by relaxing the parameters for the
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multi-criteria adaptive stepping in the loadcase. The initial fraction of
loadcase time is set to 3 × 10−3 , the damping ratio at minimum fraction is set to 2 × 10−5 and the maximum fraction of loadcase time is
5 × 10−4 . The structural convergence testing takes into account the
relation of the residuals, which are the residual forces. The relative
force tolerance is also relaxed towards a value of 0.12. Besides, a few
modifications in the solution control are necessary, such as to force the
solution of a non-positive definite matrix and to proceed when not converged after the maximum amount of cycles per iteration. The iterative
procedure remains a full Newton-Raphson.
The Simufact model requires a slight different implementation of the
pushing force. It needs a pushing piston in front of the pipe and a die insert only allowing one degree of freedom in axial direction linked with a
N
compressed spring. The spring has a negligible stiffness of 1 × 10−6 mm
,
but a constant adjustable initial force used for pushing the pipe through
the mandrel.

4.4 FEM model 2 - Drawing and rolling with
a mandrel in 3D
The model for the production of the second geometry with alternating
outer diameters (see geometry ’b’ in figure 1.3) is displayed in figure 4.7.
It contains a 3D drawing stage with an axial rolling stage, including a
drawing die, a mandrel and 3 rolls. For the aim of simplification, only
a part of the tube, as well as only one or two rolls are simulated at a
time. The tools are modelled as rigid dies and the workpiece is the only
deformable body represented by a 90 or 30 degrees component instead
of 360 degrees in order to save computational time. The materials for
the tube are the 34MnB5 and 26MnB5 presented before.
The drawing stage is identical to the model 1 described above and consists of a cylindrical mandrel together with a cylindrical die. The die
is static and defines the outer diameter of the drawn tube. Its surface
mesh is adapted in the area of tube deformation to guarantee a proper
contact between the tube mesh and the die mesh. The mandrel is po-
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Figure 4.7: Virtual model 2 for combined drawing and rolling

sitioned inside the die opening and defines the inner diameter of the
tube. It can be static or a movement can be defined using a tabular
press. In contrast to model 1, the mandrel is not free to move in axial
direction, but its position is table driven. This allows to simplify the
model and minimizes the calculation costs. The friction model between
the tube and the tools is a Coulomb model with the coefficient of 0.02.
The deformable tube is attached to a pulling tool inducing the body
movement in the positive Z direction. The free sides of the tube are constrained with two symmetry planes, allowing its free movement in axial
and radial but constraining in tangential direction. The rolls are positioned after the drawing stage with their point of reference (65.7,0,100).
The point of reference is the origin of the rolls’ local coordinate system.
The rotation axis is the local y-axis and the radial direction is the x-axis
which coincides with the radial direction of the deformable tube. The
frame securing the rolls has the possibility of elastic behaviour in the
rolls radial direction when heavily loaded. This requires an extra set of
constraints for reproducing the rolling cage’s stiffness. With the help
of a die insert, the roll is allowed to translate in its radial direction, but
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Rolls

Workpiece

Die
Springs

Mandrel
Figure 4.8: Virtual model 2 extended for elastic roll cage’s behaviour

not in the other two. At the same time, it has the freedom to rotate
around y. Linking the freedom of translation in x with the constraint of
a generic spring, the die insert reconstructs the frame’s stiffness. The
pulling tool represents the sledge of the real process. It grabs the tube
and moves it in positive z direction in a range of 80 to 500 mm
s given
the pulling speed.
Model 2 also entails an optional pushing tool behind the workpiece. It
is linked with a generic spring and a die insert pushing the workpiece
through the forming process lowering the necessary drawing forces. The
spring is defined as compressed, with a negligible stiffness and a constant force corresponding to the users input. Furthermore, it represents
the elastic behaviour of the roll cages with the implementation of radial
spring elements as shown in figure 4.8.
The mesh for the workpiece is created using an hexahedral element
and the ‘overlay Hex (3D)’ simufact mesher functionality. The 40878
elements have edges of originally 1.1 mm and the remeshing box in the
rolling area cuts the length down to 0.5 mm. The element 7 is a class
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5 three-dimensional arbitrarily distorted brick with 8 nodes and trilinear interpolation [64]. The convergence is tested using a relative force
tolerance of 0.1 in the residual forces. Just as in model 1, large strains
have to be considered and an updated Lagrange procedure is used.
The starting temperature is set to 293.15 K. The heat transfer coefficient to the environment is 50 W/(m2 K). The emissivity for the heat
radiation into the environment follows the proposed values for steel
from the simufact material database and is a linear approximation between 0.4 at 20 o C and 0.75 at 1200 o C. The friction calculation between
the workpiece and the drawing die, mandrel and the rolling unit uses
a Coulomb model with a coefficient of 0.02. The solver is the sf Marc
13.0 rev.5908 based on MSC.Marc-cl.236974. A successful calculation
of the model neglecting the remeshing box and over a timespan of 1.2 s
needs 1002 increments and 9h50min cpu time. The processor used is an
Intel(R) Xeon(R) CPU E5-1650 v2 with 3.50 GHz. There were 16 GB
of Ram memory available on a 64-bit Windows 7 operating system.

4.5 FEM Model 3 - Alternate drawing with a
grooved/cylindrical mandrel
The third model as shown in figure 4.9 is a further extension of model
2 with a grooved mandrel in the drawing stage. The geometries of the
mandrel and workpiece are reduced to a 30◦ slice to save computation time. The 30◦ are enough to represent one period of the grooved
geometry. For the simufact environment, the mandrel needs two rigid
support tools in order to hold the mandrel slice in position and to allow
its axial movement similar to the two-dimensional model 1. The rolls
are rigid tools and can be upgraded with springs to represent the radial
elasticity of the rolling cage. The rolls are featured with a die insert,
which fixes their translation in space and allows their rotation around
the y-axis of the local coordinate system.
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Figure 4.9: Virtual model 3 for grooved drawing and rolling

4.5.1 Model 3b - Grooved MSC Mentat model

The model 3 is used for the validation of the FEM simulations in chapter 7. A variation of model 3 is used for the analysis of the drawing of
grooved geometries in section 5.2.3. It is but built in ‘MSC Mentat’ in
order to facilitate automated calculation runs. It further disregards the
rolls and reduces the grooved mandrel to one single deformation zone
with a constant geometry. The mandrel and the die are not deformable
and fixed in all directions. To minimize the impact of the FEM meshing on the results, specially on the fill grade of the groove, a fine mesh
is implemented for the deformable tube. In tangential direction the
length is 0.26 mm as shown in figure 4.10.
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Figure 4.10: Node allocation for grooved FEM Model 3b

4.6 FEM Model 4 - Radial rolling
The FEM model 4 shown in figure 4.11 is used for determining the
potential of radial rolling in the production of grooved inner diameters. It is a ‘Simufact Forming’ model using a 80 mm long fraction
of the workpiece. The kinematics of the rolls are described in section
3.2.1. The support tools fix the workpiece in radial and tangential directions, allowing only a movement in axial direction. The front pulls
the workpiece forward and the back only follows. The mandrel geometry corresponds to figure 5.10 with the dimensions of section 5.2.5. The
tools and the workpiece’s properties correspond to FEM model 1. Due
to the large roll speeds, the time step is fixed to 2.5 × 10−4 s in order
to avoid excessive deformation in one iteration. The element size is
0.8 mm for the initial mesh and with a refinement box situated in the
inner diameter covering one teeth it is 0.4 mm. This is slightly more
than in FEM Model 3b, but still an acceptable resolution of the tooth
radius.
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Figure 4.11: Virtual model 4 for grooved radial rolling, section in zplane
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5 Analysis of individual
operations
This chapter discusses the individual operations used in combination
for the new process using the material 34MnB5. For tube sinking and
tube drawing, an analytical model is used in order to predict process
stresses. The feasible process limits are derived by formulating a failure
criterion based on the local material yield stress. The proposed limits
are verified with the use of an FEM model. For the individual tube
rolling, another more suitable failure criterion is formulated and based
on this, the process borders are predicted using FEM.

5.1 Tube sinking: drawing without mandrel
The simplest form of tube drawing occurs without the use of a mandrel
and is called tube sinking. In this case, an original tube with the outer
diameter D0 and thickness t0 is formed into a tube with a constant
outer diameter D1 and a constant thickness t1 , see figure 5.1. In a first
approach, the thickness is assumed to be constant for the prediction of
process stresses using the elementary equation 2.21 of section 2.6.
t0
t1 ≈ t 0
D0

D1

Figure 5.1: Target geometry, tube sinking
The only necessary tool is a drawing die with a drawing angle α and
a final diameter Dd . The drawn product diameter D1 corresponds to
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Dd see figure 5.2. Since there is no mandrel to constrain the inner
diameter, the thickness t1 is a result of free forming.

α=15°
D0

α=15°

Dd=D1

D0

rm1

Figure 5.2: Drawing die for tube sinking

5.1.1 Failure Criterion
In order to map a process window, it is necessary to define the process
limit. The material yield stress at the exit zone of the tube drawing is
the limit for the reduction of the tube cross section. With increasing
effective plastic strain, the process stresses increase and overcome the
material limit. The model from Schneider [79] and Dahl [12] used to
predict the axial stress σax (equation 2.21) is described in chapter 2.5.
They suggest a safety factor in the range of 0.7 ≤ SF ≤ 0.8 for the
stress estimate. Therefore assuming a SF = 0.75 leads to the following
failure criterion for tube sinking:
σax ≤ 0.75 · Kf (ϕ)

(5.1)

5.1.2 Operating points and process window
For spaning the process window, it is necessary to analyze the influence
of the outer diameter D0 and its thickness t0 on the maximal drawable
final diameter D1 . A variation of these parameters within industrially
relevant borders of 14 ≤ D0 ≤ 72, 2 ≤ t0 ≤ 12 whereas 12 ≤ D1 ≤ D0
is performed. The used material is 34MnB5 steel with the assumption
of constant room temperature of 25◦ C and an assumed constant strain
rate of 5 s−1 . The constant friction parameter µ is identified as 0.02 for
all contact surfaces and a constant drawing die angle α of 15◦ . The resulting deformation determines the local yield stress as shown in figure
5.3. The process stresses below the failure criterion are shown in green
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and the failed ones as red.

2000

Tube sinking, variation of D0 , D1 und t0
Kf 34MnB5
Process stress, eq. 2.21
Failed draws
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Figure 5.3: Process stress and Material flow curve
The first step is to identify the failure stress. In order to show the
process borders it is necessary to map the failure event according to
the equivalent parameter combination. Figure 5.4 shows this correlation between the initial diameter and its maximal drawable diameter,
given the initial thickness. A 45◦ line marks the upper boundary. This
is the geometrical limit where the final diameter corresponds to the
initial diameter and tube sinking becomes obsolete. For every initial
diameter the final diameter is reduced until the process stress reaches
the failure criterion. This is marked as the lower bounds of the process window shown as a continuous line with different colours for the
different thicknesses. On the one hand, large initial diameters allow
larger drawn diameters. On the other hand, for the same initial diameter and a thicker tube, a lower diameter reduction is feasible. These
borders are drawn based on the elementary equations and the failure
criterion described before. By making use of FEM it is possible to
verify the borders given by the elementary equations. The 2D axial
symmetric FEM model described in section 4.3 has been used for this
purpose with the only difference being the removal of the mandrel. For
three initial diameters the final diameter is reduced until the tube is
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no longer drawable. The limit between feasible and not feasible FEM
calculations confirm the decreased process area for thicker initial tubes
and the shape of the process window. It is therefore legitimate to make
use of the elementary equations for further examination of the process
borders.

Tube sinking

70
Geometrical limit
a) el.eq. t 0 =2mm

60

a) fit t 0 =2mm
50

b) el.eq. t 0 =6mm

40

b) fit t 0 =6mm
c) el.eq. t 0 =11.9mm

D1

c) fit t0 =11.9mm
a) FEM
b) FEM
c) FEM

30
20
10
0
0

10

20

30

40

50

60

70

D0

Figure 5.4: Tube sinking process window comparing elementary equations, fit and FEM

The borders for the minimal D1 are fit into a linear polynomial surface D1 = f (D0 , t0 ) using the least squares method. The resulting
coefficient of determination R2 for the fit corresponds to 0.998. The
elementary equations show a linear dependency on D0 and t0 as shown
in figure 5.4. This linear dependency of D1 can be formulated by

D1 ≥ a1 + a2 · D0 + a3 · t0
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(5.2)

5.1 Tube sinking: drawing without mandrel

Table 5.1: Fitted coefficients for process limits of tube sinking
a1 a2
a3
0
0.44 0.56
The normalized root mean square error between the predicted borders
by the elementary equations and the FEM validation is
r Pn
2
1
t=1 (yˆt − yt )
nRM SE = ·
= 10.8%
(5.3)
ȳ
n
where yˆt are the predicted values of D1 by the surface fit, yt are the
FEM results and ȳ is the average value of yt . The number of observations in this case is n = 12.
In order to normalize the process borders with the given initial diamD1
eters, the ratios of D
and Rt00 are introduced in figure 5.5. A ratio of
0
1 in the y axis means no diameter reduction. By varying the initial
diameters inside industrial relevant boundaries, there is no significant
change of the process border. The elementary equations show a rising
D1
for an increasing thickness to radius ratio, therefore nartrend in D
0
rowing down the maximal diameter reduction. The normalization with
the initial diameter removes its influence, so that all values align into
one single curve. Comparing the normalized FEM results with the results of the linear equations, the root mean square error RMSE is 8.5%.
It is not possible to thin out the pipe endlessly since there is one last
border which needs to be taken into account. The radial pressure in
the drawing die may lead to inward buckling of the tube in the case of
thin walls. This delimits the process window towards low levels of Dt00
and would require further analysis.
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Critical ratios for D 0 =32mm
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Figure 5.5: Normalized ratios
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5.2 Tube drawing

5.2 Tube drawing
Tube drawing with a mandrel allows the precise calibration of the inner
diameter. In addition to tube sinking, the drawn thickness t1 is no more
equal to t0 .
t0
t1 ≈ t 0

t1
D0

D1

D1

Figure 5.6: Target geometry, tube drawing with mandrel
The mandrel is attached to a long bar which is connected to a positioning sledge. With the possibility to move the sledge and therefore the
mandrel in and out of forming position, the product shows a profile of
alternating thick and thin walls. It is important to note that the mandrel is pulled into the forming zone due to friction with the pipe. It is
not actively pushed into position, since the mandrel bar is susceptible
to buckling under compression. Furthermore, due to the long and thin
bar, the mandrel’s elastic deformation should be taken into account if
a precise mandrel positioning is required in the experiments. For the
models the positioning of the mandrel is set. When the mandrel is
positioned in the forming zone, the radius rm1 defines the inner tube
diameter.

DR1
DR2

α=15°
α=15°

Dd=D1

D0

rm1

Dd1=D1

PR1

D1

Figure 5.7: Tube drawing tools: die and mandrel
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5.2.1 Failure criterion
The failure criterion remain the same as for the tube sinking based on
the security factor SF = 0.75 estimated by Schneider [79] and Dahl
[12]. The axial process stress σax (equation 2.31) must remain below
the flow stress Kf (ϕ) for the resulting deformation and the applied
SF . Due to the additional thickness deformation and friction forces
on the mandrel, larger axial stresses are expected in tube drawing and
therefore a smaller process window than for tube sinking.
σax ≤ 0.75 · Kf (ϕ)

(5.4)

5.2.2 Operating and process window
The use of the mandrel allows to adjust the inner tube diameter and
therefore the tube thickness. Similar to tube sinking, the operation
area in figure 5.8 is constrained by the geometrical limit to the top
and by the minimal drawable diameter to the bottom. The lower border increases for larger initial diameters D0 . With the variation of
the mandrel’s diameter, the thickness reduction is altered. The graph
shows the behaviour of the process window for increasing thickness
reductions Vt = tt01 and a constant initial thickness of 6 mm. The feasible surface shrinks as expected. This increased thickness deformation
together with larger friction forces increase the maximal axial stress,
leading to earlier failure.
The borders for the elementary equations are transcribed into a metamodel D1 ≥ f (D0 , Vt , t0 ). For this, they are evaluated between the
same borders as in tube sinking: 14 ≤ D0 ≤ 72, 2 ≤ t0 ≤ 12 whereas
12 ≤ D1 ≤ D0 is performed. Additionally, the thickness reduction Vt
is varied between 0.4 and 0.75. The used material is a 34MnB5 steel
with the assumption of a constant temperature of 25◦ C and an assumed
constant strain rate of 5 s−1 . There is the same constant friction parameter µ of 0.02 for all contact surfaces including the mandrel and a
constant drawing die angle α of 15◦ .
The metamodel is identified using the least squares method into the
following coefficients:
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Minimal D 1 for t0 =6mm and a Nonlinear Fitting
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Figure 5.8: Elementary equations, fit and FEM calculations for tube
drawing, SF = 0.75

D1 ≥ a1 + a2 · D0 + a3 · Vt + a4 · t0 + a5 · D0 · Vt + a6 · Vt · t0 (5.5)

Table 5.2: Fitted coefficients for tube drawing
a1
a2
a3
a4
a5
a6
0.67 1.54 0.18 -2.29 -1.28 3.19
A brief justification for the choice of terms in the metamodel is needed.
The lower borders for the minimal D1 are fit into a polynom linear in
D0 with cross terms in Vt and t0 . A linear term for Vt only generates parallel curves, for that reason a cross term D0 · Vt is necessary
dD1
to reproduce the behaviour of an increasing gradient dD
(Vt ) as shown
0
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in figure 5.8. The same applies to the initial thickness parameter t0
as shown in the next figure 5.9 with the normalized axes. A linear
term provides different levels and the cross term with Vt provides the
D

increasing gradient

d D1
t

0

d R0

(Vt ). The least squares method is used and the

0

resulting coefficient of determination R2 corresponds to 0.998.
The next step uses the 2D axial symmetric FEM model with the mandrel presented in section 4.3.1 to verify the elementary equations. The
FEM parameters are varied for a given thickness t0 = 6 mm, three
D0 = [32, 48, 60] and a final diameter 20 mm ≤ D1 ≤ 50 mm always
fulfilling D1 < D0 . The process border is determined as the average between the first failed and the last successful D1 . For each D0
the border is displayed as circles in figure 5.8. These borders confirm
the behaviour of shrinking the feasible window for increased thickness
reduction and a constant initial thickness. Nevertheless, the FEM foresees more conservative lower borders.
The normalized root mean square error ‘nRMSE’ between the fitted
predicted borders for the elementary equations and the FEM validation
is
1
nRM SE = ·
ȳ

r Pn

t=1

(yˆt − yt )2
= 5.9 %
n

(5.6)

where yˆt are the predicted values of D1 by the nonlinear fit and yt are
the FEM results. The number of observations in this case is n = 12.
This error is lower than in tube sinking, because the thickness is controlled whereas in sinking it is free.
Figure 5.8 displays the process borders for FEM and elementary equations for a single initial thickness t0 . The next step is to visualize the
findings for a variation of t0 , which, combined with the influence of
the initial diameter, is shown in figure 5.9. The most significant effect
is a shrinking process window for increasing thickness reduction. Furthermore, the effect of t0 remains the same as in tube sinking for low
thickness reductions, Vt = 0.75. It shows a slightly increase of process
borders for thin t0 . But for increasing thickness reduction e.g. Vt = 0.54
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Critical ratios for D 0 =48mm
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Figure 5.9: Normalized elementary equations, fit and FEM
or tred = 46%, this effect becomes the opposite. The feasible diameter
deformation increases for larger initial thickness to diameter ratios Dt00 .
The use of FEM confirms the findings in figure 5.9 with a normalized
error of 4.5 %. The simulations are still more conservative than the
elementary equations.

1
nRM SE = ·
ȳ

r Pn

t=1

(yˆt − yt )2
= 4.5 %
n

(5.7)

As mentioned before in the tube sinking section, it is not possible to
thin out the pipe endlessly. The inward buckling of the tube due to
radial pressure needs to be taken into account and delimits this process
window towards low levels of Dt00 .
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5.2.3 Tube drawing with a grooved mandrel
This section extends the findings for the tube drawing using a flush
mandrel for a more complex grooved inner diameter. The aim is to
quantify the error between the predicted stresses for a grooved drawing
using FEM and an adapted elementary equations model. A base case
within the analyzed borders is chosen and hereupon the influence of
initial thickness and teeth depth is analyzed.
The base case defines the outer product diameter D1 = 40.2 mm, the
initial pipe diameter D0 = 46 mm and the thickness reduction Vt =
0.76. These values are aligned with the validation experiment of section
7.1.5. The initial thickness t0 will be varied together with the grooved
geometry. The grooved inner diameter of the product needs a set of
new dimensions. There is the mean radius Rm defining the centre of
the grooved depth tz and the thickness tf lush for the equivalent flush
draw. The outer diameter D1 remains flush and the cross section shows
the maximal thickness ttot at the radius Rmin , see figure 5.10. The
constant parameters are the number of teeth (12 for a 30 ◦ tooth) and
the grooved radii R2. A new factor Vz is introduced to describe the
grooved characteristic of the cross section.

Vz =

t flush
tz

tz
ttot

30°

ttot

D1

R2

.

R2

.

Rmax
Rm
Rmin

Figure 5.10: Product and tool
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(5.8)

5.2 Tube drawing

5.2.4 Failure criterion and process window
The failure criterion for the grooved tubes remains the same as before.
A security factor of SF = 0.75 on the material yield stress defines the
maximum allowed process stress as stated in equation 5.4.
The difference to the drawing with a flush mandrel lies in the calculation
of the axial stress. The elementary equations show no possibility of
direct consideration of a grooved mandrel geometry. Nevertheless, it
is feasible to adapt the friction surface of the mandrel to its increased
area. A ratio κ of the arc length for the grooved to the flush mandrel
is introduced. The grooved arc length is a function of the mean radius
Rm and the tooth ratio Vz .

κ=

Ugrooved (Rm , Vz )
Uf lush (Rm )

(5.9)

The mandrel’s lateral surface is therefore increased by this factor κ. It
enlarges the mandrel radius ri in equation 2.22 and the mean radius
rm in 2.29, transforming the final stress σC in equation 2.31 into its
grooved version σC,g in 5.10. It affects the calculation of the stress in
the contact zone where the tube is reduced in thickness and where it is
squeezed between the mandrel and the die as presented in section 2.6.

c

s

σC,g = e−µ· s ·((κ+1)+ 2·rm ·(−κ+1)) · (σB − kf ) + kf

(5.10)

Furthermore it is possible to adapt the resulting stress of the elementary equations by weighting the final process stress accordingly to the
tooth deformation. In figure 5.11 two extremes of tooth geometries are
presented.
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Figure 5.11: Shape of grooved tubes for Vz = 0.2, left: t0 = 2 mm and
right: t0 = 6 mm
It is suggested to weight the stresses for the equivalent tube draw for
Rmin and Rmax according to the ratio of tooth width Ltooth to total
Ltooth
arc length and the number of teeth n, a = Rmax
.
· 2·π
n

σax,

grooved

= a · σC,g (Rmin ) + (1 − a) · σC,g (Rmax )

(5.11)

The adapted elementary equations σax, grooved are able to represent
growing stresses for larger tooth ratios as shown in figure 5.12. The
σax without adapting reacts only to the change of initial thickness t0 .
Nevertheless, the prediction for the grooved geometry shows a stronger
trend to larger axial drawing stresses compared to the FEM.
900
a) t0 =6mm, <ax,grooved

<ax, grooved
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a) <ax
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Figure 5.12: Influence of the grooved mandrel on the axial stress, fixed
D1 = 40.2 mm and D0 = 46 mm

100

5.2 Tube drawing
In order to quantify the accuracy of the predicted axial stresses using
the elementary equations and the FEM results, the normalized root
mean square error is calculated for the different t0 :
Table 5.3: Normalized root mean square error on drawing stress
t0
6 mm 3.7 mm 2 mm
nRMSE 4.2% 5.9%
4.1%
The error remains between 4.2% and 5.9%. The FEM is able to take
into consideration the specific tooth geometry, whereas the adapted
equation 5.11 is not. For example the radii R2 (see figure 5.10) are
neglected by the elementary equations. Although the radii are kept
constant, a change in the mean radius Rm will transform the arc length
and therefore the shape of the tooth as shown in figure 5.11. The width
of the tooth becomes smaller for the thin pipe t0 = 2 mm than for the
thick pipe t0 = 11.9 mm. The weighting of a for the σax (Rmin ) delivers
results in acceptable error margins.
In order to understand the behaviour of the axial stresses, it is also
relevant to examine the fill grade for a varying tooth ratio Vz . The fill
grade describes how much of the target tooth shaped into the mandrel
is filled with material.

f ill =

tz,F EM
tz,tool

(5.12)

Even though the axial stresses increase for a larger Vz , the fill grade
does not increase accordingly, but decreases, see figure 5.13. The reason is that a large Rmax generates a bottleneck for the material flow
and therefore impedes a homogeneous axial plastic deformation of the
cross-section. The equations will use the value of a large Rmax and
calculate a large equivalent drawing stress directly. The FEM model
will take into account the not filled tooth area, which shows no contact between mandrel and tube. The consequence is a lower increase
of friction forces and a lower increase of the total drawing stress. The
difference of the trends’ gradient leads to a crossing of the predicted
values by FEM and the elementary equations. This is shown in figure
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Fill = t z, FEM / t z, tool [%]

5.12 for the t0 =6 mm and 3.7 mm.
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Figure 5.13: Influence of increasing tooth ratio on the tooth filling grade
for FEM models
The fill grade depends not only on the targeted tooth ratio Vz , but as
well of the initial thickness t0 . An increasing Vz leads to a decreasing
fill grade as shown in figure 5.13. The increasing deviation from the
flushed geometry increases the forming resistance and therefore Rmin
is not entirely filled. The initial thickness has a significant influence on
the fill grade. Thinner initial pipes will allow higher grooved ratios Vz
with a 100 % filled geometry than thicker pipes do. Nevertheless, it is
not necessary to fill the teeth completely, since fabrication tolerances
are conservative. The tolerances aim for shorter teeth than the nominal value to avoid jammed gearing. In the case of automotive rear axle
shafts of 32 mm diameter, a tooth of 1 mm is allowed to be 0.25 mm
shorter. Therefore, a fill grade of 75% is still acceptable, extending the
process limits up to Vz = 0.4 for thin pipes.
The higher tooth ratios for thin pipes can be explained by the introduction of the circumference ratio κ. It is a measure for the complexity
of the grooved geometry. A κ of 1 is a flush tube draw. The ratio
κ is a function of the number of teeth, the inner diameter and of the
z
. For a fixed number of 12 teeth, the values for κ
tooth ratio Vz = tttot
are shown in figure 5.14. By increasing the tooth height, κ increases.
The most significant influence is the mean radius Rm , since it defines
the inner diameter. Rm is directly linked with the initial thickness t0 :
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Rm = D1 /2 − Vt · t0 . The equivalent thickness reduction Vt and the die
diameter D1 are set by the base case. For the constant outer diameter
of the base case, the mean radius Rm of the tooth decreases for a large
thickness and so does the circumference of the flushed equivalent draw.
Therefore the arc length of the grooved geometry gains more weight.
An increased circumferential length has an influence on e.g. the friction
area which will be relatively larger for the small Rm . The grooved geometries for thin pipes show a lower complexity grade than the thicker
ones, therefore allowing a lower deformation resistance and better fill
grades.

5= U grooved / Uflush [-]
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Figure 5.14: Influence of grooved mandrel on the arc length ratio

5.2.5 Radial rolling as an alternative for larger tooth
ratios
The tube drawing allows a process window up to Vz = 0.4 for thin pipes.
The fill grade for thick pipes decreases for an increasing tooth ratio as
shown in figure 5.13. This limits the product possibilities, although it
is sufficient to meet the targets set for this thesis. An alternative process for the production of grooved inner geometries is the radial rolling
presented in section 3.2.1. The FEM model for radial rolling described
in section 4.6 is used to determine the fill grade for a grooved inner
diameter. In order to compare the fill grade with the reference of tube
drawing, the same tooth geometry is used. The simulation features a
large tooth ratio Vz = 0.49 for an initial pipe of t0 = 6mm. This would
lead to a fill grade of 61 % for the grooved tube drawing according to
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the results in figure 5.13.
The final geometry of the tube rolling depends on the final penetration depth of the rolls. The tooth depth is 2.9 mm for a grooved ratio
Vz = 0.49 and an inner diameter Rm = 15.53 mm. If the rolls penetrate
2.9 mm into the material, the resulting fill grade is 92%. This is a large
improvement towards the tube drawing process as shown in figure 5.15.
It is possible to achieve better fill grades in grooved geometries using a
radial rolling instead of tube drawing. Nevertheless, the radial rolling is
limited in speed, resulting into a lower productivity. Since the achievable fill grades for tube drawing are acceptable, its fast feasible feed
rates are decisive.
FEM section in rolled zone
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Target geometry
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Figure 5.15: Grooved ratio for Vz = 0.5 (a) FEM result for radial rolling
(b) Comparing radial rolling to drawing
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5.3 Axial Rolling
A rolling step allows to adjust the outer diameter of the previously
drawn pipe in a periodic pattern. This forming step strongly depends
on the initial workpiece geometry, tool and process parameters. This
section focuses on the influences of the initial diameter and thickness,
the tool contact angle, the tool contact radius and the axial prestress.
The friction effects are included in the axial prestress, since different
friction levels are equivalent to varying stress levels. The objective is to
map the possible outcome for final product shapes and present them as
a process window. Due to complex contact and deformation conditions,
the process limits are not based upon elementary equations as the previous drawing steps. FEM computations have been used instead. For
this, the rolling step is simplified, a failure criterion is formulated and
the relevant parameters are individually varied.
The outer drawn diameter D1 with thickness t1 and length L1 is rolled
into diameter D2 with a thickness of t2 and length L2 . The angle α of
the transition zone with a target diameter difference defines the length
L3 . The target shape is shown in figure 5.16.

t2 α

t1
D1

D2

t1

L
L1 L3

L2

D1

Figure 5.16: Target geometry, rolling
The roll geometry in figure 5.17 is a negative imprint of the product
rolled up to a cylinder. The lengths PL1 , PL2 and PL3 correlate with
the product and approximately sum up to the product length. This
analysis is based on a two dimensional section of the roll with only one
product period on its circumference. The radius Rw1 of the section
that does not deform is given by the relation 2 · π · Rw1 = 2 · L, where L
is the product length. The roll’s rotational center is PR1 = Rw1 + Rwa ,
where Rwa corresponds to the drawn tube’s diameter D1 .
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Figure 5.17: Roll parameters
The rotating roll with an axially moving tube adds an additional layer
of complexity. In order to isolate the resulting kinematics, a further
abstraction of the roll is performed. Figure 5.18 shows the principle
of reducing the interactions with the drawing stage to the left and the
drawing sledge to the right. A variable axial stress σax is introduced
instead and the tube is fixed on the side of the drawing stage. The roll
moves radially into the tube with a speed of v resulting into a radial
deformation ∆R. The new simplification allows a systematic variation
of the axially symmetric model. The radius Rw2 is kept constant and
the following parameters are varied: contact angle α, contact radius
Rct , outer diameter Dout and thickness t1 .

R ct
α

R

w
2

v

Dout

t1
σax

ΔR

Figure 5.18: Model abstraction for FEM failure calculations
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5.3.1 Failure criterion
The target of this section is to mark the process borders using FEM,
therefore it is necessary to define the point of failure. Based on the
time dependent method of Volk and Hora [88] a failure criterion based
on the strain rate is postulated. Given that the rolling stage will be
implemented between the drawing die and the sledge, the tube will be
under axial tensile stress while rolling. The process failure will therefore always be a necking of the product.
Necking is identified by an immediate increase of the strain rates as
shown in figure 5.19. The necking area is located by scanning for the
maximal strain rates in the model and monitoring the time where the
rate increases disproportionally. The intersection of a linear fit in the
stable area and a linear fit in the localized area gives an indication of
the necking moment. The localized zone provides few data points for
the fitting. In order to increase the robustness of this search algorithm,
the intersection of a bisecting line through the tangents’ intersection
point with the strain rate will deliver a robust predicted failure point.
6
FEM strain rate
fit stable area
fit localized area
Bisection line
Predicted failure

strain rate [s -1]

5
4
3
2
1
0

0
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time [s]
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Figure 5.19: Time dependent failure criterion for maximal strain rate
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5.3.2 Process window
The process borders are evaluated based on the failure criterion. The
goal is to draw conclusions about the feasibility of geometrical product
features, which are specific to the rolling step, such as ∆Rmax , Lmax
and α shown in figure 5.20.

Lmax
α

L r0

α
D1

Lr

1

ΔR

ΔRmax

R1

Figure 5.20: Relations for maximal reachable geometries
The first analysis focuses on the axial stress σax . An increase of axial
stresses from 0 to 500 MPa causes a decrease of the maximal tool penetration until necking and so does the achieved ∆D, as demonstrated
in figure 5.21. The strain rate indicates an earlier necking for high
stresses. This leads to a lower ratio ∆D
D1 and is equivalent to a narrowing down of achievable product geometries. A higher axial prestress
shifts the Mohr’s circle of stress towards tensile stresses and therefore
the maximal stress before necking is reached for lower deformations.
Any restriction of the diameter reduction paired with a transition angle
α defines the maximal length of the transition zone, as shown in detail
in figure 5.20. This is therefore the definition for the reachable product
geometries.
With a fixed α and a now given maximal
L3 is defined by

∆D
D1 ,

the maximal length of

∆Rmax
(5.13)
tan(α)
The contact angle of the tool is varied for three levels of prestress inside the range of process relevance, and for each level, the maximal
Lmax =
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Figure 5.21: Varied axial stress and achieved radial deformation

drawable diameter reduction before necking is determined. In the case
of a 400 MPa axial prestress, the angle variation does not significantly
affect the maximal radial deformation. This results into a process border shown as a red line in figure 5.22. The resulting Lmax is large
for low α and diminishes for an increasing transition angle. Repeating
the procedure of angle variations for the axial stresses 200 MPa and
500 MPa results into a border surface as an upper limit for the diameter reductions. The contours are the green and black lines accordingly.
The influence of σax is significant, changing the rolling limit ratios ∆R
R
within the limits of 0.18 and 0.48.
The axial prestresses show the most significant influence on the process
window of all tested parameters. For this reason a simple linear fit
is suggested for a quantitative mapping of the failure. The fit of the
border describes the maximal radial deformation as

∆R ≤ a1 + a2 · α + a3 · σax

(5.14)
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Figure 5.22: Maximal radial reduction and related Lmax for sigma variations, D1 = 48mm, t1 = 4.2mm

Table 5.4: Fitted coefficients for diameter reduction
a1
a2
a3
13.98 7.21 × 10−3 −2 × 10−2
The fit is based on the failure points of FEM simulations for three levels
in σax and six levels in α. It shows a coefficient of determination R2
of 0.75, which is not very high, but it captures the trends sufficiently
well.
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5.3.3 Parameters with limited impact on the process
window
The variation of the contact radius Rct reveals a significant effect on
the drawable ratio ∆D
D1 in figure 5.23 and maximal length Lmax in figure
5.24. The radii were varied between 2 mm and 15 mm, showing larger
feasible ∆D
D1 for an increasing radius. The larger the radius becomes,
the more the contact area increases for the same deformation force
and therefore a lower contact pressure results. The local stress maxima are reduced and the total process stress remains below material
necking for higher radial deformations. It is therefore recommendable
to design tools with larger contact radii in order to increase possible
deformations. Nevertheless, since the roll is a negative imprint of the
final product, its sharp transitions will limit the Rct design space. The
relevant values for Rct range from 1 mm to 5 mm. In this boundaries,
they show a negligible influence upon the maximal diameter reduction
compared to the influence of σax . Therefore the axial stress remains
the most significant parameter.
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Figure 5.24: Maximal Length L3 , given a constant σax = 400 MPa
A variation of the diameter D1 does not show the same impact on the
process borders as the axial stresses. The feasible ratio of ∆D
D1 changes
minimally and stays between 0.22 and 0.29 for all diameters. Consequently, the Lmax remains in similar boundaries as shown in figure 5.25.
The process borders are not affected by the variation of the initial
thickness inside industrially relevant boundaries of 3 mm < t1 < 8 mm.
Figure 5.26 shows the relation.

5.3.4 Conclusions for axial rolling
The process borders presented before, allow a knowledge based approach for the design of a new product using a combined drawing and
rolling forming step. There are now two ways to use the process windows: Either investigating which diameter reductions are still possible
for the existing drawing step, or adjusting the rolling for a required
diameter reduction. Either way, the axial stresses are the common parameters to be aware of.
In industry, it is common to have a limited collection of metal sheets
of selected initial thickness t0 for each material. Choosing a sheet with
a specific thickness and continuously welding it into an initial pipe of
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Figure 5.25: Critical α for outer diameter variations and a constant
σax = 400 MPa

D0 allows a subsequent range of drawn geometries with a diameter D1
and thickness t1 . For this drawing step, the drawing force is estimated
using the elementary equations and the resulting axial stress is set narrowing down the possibilities for the rolling step.
The target product has a defined diameter reduction as well as defined
lengths L1 ,L2 and L3 . The feasible ratio ∆D
D1 in the process window
in figure 5.22 immediately indicates whether the desired diameter re-
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Figure 5.26: Critical alpha for thickness variations and a constant
σax = 400 MPa

duction is feasible at all for the given prestress. The following step is
to examine if the transition length is below or equal to Lmax . Using
the Lmax process window, the production engineer is able to estimate
the steepest and therefore critical transition angle α. After successfully
checking this criterion, a suitable α can be chosen and the forming feasibility evaluation is finalized.
The individual consideration of the forming step shows an important
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limitation compared to the combined process. Although the axial stress
emulates the drawing stresses, the deformation history is not taken into
account. The next chapter analyzes the combined drawing and rolling
model in order to improve the accuracy of the process windows.
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- Identification and mapping
of operating points
In chapter 5 the limits for the individual processes were quantified.
This chapter analyzes the feasibility of the combined drawing and rolling process as chosen in section 3.5. For industrial applications it is
necessary to identify the operating points and map them systematically.
For this purpose, a finite element model containing the drawing and the
rolling step is screened using a full factorial design of experiments for
the relevant input parameters. The FEM is used since the rolling step
involves a changing contact between the tool and workpiece. This dynamic contact is too complex to be reflected with the use of elementary
equations. The failed and succeeded calculations are graphically elaborated and show the possible working design space. With the help of
such process windows, the feasibility of new geometries becomes projectable and allows a transfer into an industrial application.

Large computational time and the requirement of a fast assessment of
the feasibility of geometries reveals the need for reference values and
diagrams. The question arises: is it possible to check the feasibility of
a target geometry based on a metamodel without running a physical
experiment or FEM calculation? To clearify this question it is necessary to screen the FEM model for successful combinations. There are
process parameters and noise, tool geometry inputs and quality criteria
at the end.
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6.1 Parametrization of the model
The drawing and rolling stages are abstracted and reduced to a two
dimensional model in order to mitigate computational effort. All relevant tool geometries and product geometries are represented as well as
process parameters. Figure 6.1 shows the overview of the geometrical
parametrization. The design variables for the drawing stage are the
starter thickness t0 , the original outer diameter D0 , the drawing diameter Ddie , the mandrel radius Rmandrel . The rolling stage is defined
by the deforming radius Rw2 , the non deforming radius Rw1 , the angle
of the deforming roll section βwtot and the angle of the radial transition section αroll . The produced tube is characterized by the drawn
thickness t2 , the drawn length L2 , the drawn Diameter D2 , the rolled
thickness t1 , the rolled length L1 , the rolled Diameter D1 , the transition
length L3 , the transition angle α and the total length L. The model
includes a Coulomb friction parameter µ for all the tool to workpiece
contacts.

Quality Criteria
Tool geometries
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roll

R w2
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βwtot
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L1/2

t1

D1

Figure 6.1: Parametrization for automated screening
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6.2 Process window mapping and discussion
The connected drawing and rolling process shows a critical zone and
a critical process state, which together determine the process failure.
This critical zone shows the largest stresses and is situated between
the drawing sledge and the rolls. The critical process state defines the
moment of largest loads, which is when the rolling and thin drawing
occur at the same time and the added drawing and rolling forces are
transmitted through the critical zone. The resulting stress exceeds the
local flow stress and leads to unwanted plastic deformation, the necking.
In order to assess and map the critical events, it is first necessary to determine a base case (overview in table 6.1) for the drawing step, upon
which the combined limits are developed. Further cases expanding
the design space allow a broader screening of the process parameters
throughout this chapter. The metamodel for the limits of the tube
drawing process based on the findings of chapter 5 in equation 5.5 is
shown in figure 6.2. The area with the most significant changes for a
variation in thickness reduction is for low ratios Rt00 . In order to have
a conservative draw, the diameter reduction remains within 20 %. The

Table 6.1: Alternative cases are used throghout this chapter in order to
screen the process windows
Parameter Unit Base Case Case 1
Case 2
Vt
[-]
0.48-1
0.48-1
0.48-1
Vd
[-]
0.6-1
0.6-1
0.6-1
D0
[mm] 48
37.4
33.6
t0
[mm] 4.2
5.6
4.4
D1
[mm] 40.2
33
28
α
[mm] 15
15
15
L1
[mm] 58.5
70
70
L
[mm] 339
300
300
µ
[-]
0.01
0.01
0.01
t1 = t2
[mm] Vt ∗ t0
V t ∗ t0
Vt ∗ t0
D2
[mm] Vd ∗ D2
Vd ∗ D2 Vd ∗ D2
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D1
above 0.8 defines the base case
low ratio Rt00 and a drawing diameter D
0
in the upper left of the process window. The base case determines the
initial thickness t0 , the initial diameter D0 and the drawing diameter
D1 .

Critical ratios for D 0 =48mm
Metamodel V t =0.75
Metamodel V t =0.65
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Figure 6.2: Base case location inside the limits for tube drawing using
the metamodel in equation 5.5
With the base case defined, a full factorial design of experiment with
two parameters is sampled. Instead of sampling a geometrical parameter, two ratios are used to concentrate information of the drawing and
the rolling step and remove scale effects. The known drawing ratio vt =
∅rolling
D2
t1
drawn thickness
t0 = original thickness and the new rolling ratio vd = D1 = ∅drawing are
defined and the simulation responses are shown in figure 6.3. Since the
original thickness t0 and the drawing diameter Ddie are held constant,
the drawn thickness t2 and the rolling diameter D2 are dependent parameters. The successful combinations are presented in green and the
failed calculations in red. This creates a graphical mapping of the feasible zone on the upper right half and of the failure zone in the lower
left half of the design space.
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The right diagram of figure 6.3 shows the predicted total drawing and
rolling forces plotted in dependence of the wall thickness reduction.
The black line is a prediction of the drawing by the plasto-mechanical
model as described before in chapter 2.5. The thickness reduction is
a major parameter used in the industry and allows a direct relation
to existing operating data. The force results are plotted in different
colours corresponding to the vd in order to see the gradient for longer
rolling deformations in dependence of thickness reduction.
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Figure 6.3: Graphical representation of the feasible process design space
At a constant thickness reduction the axial force rises as the ratio vd
lowers. The more the rolling diameter differs from the drawing diameter, the higher is the force needed for the process. The black squares
in figure 6.3 on the right side represent the pure drawing stage vd = 1
and the green squares represent a vd = 0.91. For the same diameter
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Figure 6.4: Stresses and cross section ratios for the base case

ratio, the force rises if the drawing stage shows a larger reduction. The
plot reveals an upper limit for the total process axial force which is the
sum of the drawing and the rolling step. This upper force limit is valid
for all thickness reductions. The last possible thickness reduction of
vt = 40.4% marks the process border where no consecutive roll stage
seems to be possible. The FEM with a roll stage ratio of vd = 0.95
leads to a constriction of the workpiece.
Figure 6.4 illustrates the ratios of the cross sections in which the process is not feasible anymore. The left side shows the ratios between the
smallest cross section surface and the initial surface. Only the successful simulations are represented and the same upper value behaviour is
A0
≈ 2 which is not trespassed
found. There is a maximal area ratio of A
1
by any configuration. The highest values for each thickness ratio vt
represent the last successful FEM calculation and delimit the feasible
area. This delimitation is succeptible to changes in geometry, process
and noise parameters.
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The axial stresses at the smallest cross sections of the feasible calculations are displayed in figure 6.4. The flow curve delimits the analytically
feasible border. The process stress should never trespass the flow stress
value in any point after the drawing stage, otherwise it would lead to
a localization of the workpiece. The yellow zone is an application of a
security factor of 0.75 upon the flow stress and the last feasible FEM
calculation enters this zone.
The upper limit in area and force suggests that there is one deformation potential which can be split among the drawing and rolling stage.
Taking this into account, it is possible to define a criterion allowing the
prediction of the maximal rolling grade. The concept of the equivalent draw defines the maximal deformation for the pure drawing stage.
0
This maximal ratio A
A2 becomes valid for the total process deformation
and quantifies a deformation potential. The next step is to distribute
this potential between the drawing and the subsequent rolling stage.
The deformation share which is not used in the drawing stage remains
available for exploitation in the rolling, see equation 6.1:

φroll = φmaxequidraw − φdraw

(6.1)

The next section discusses the validity of this concept with a sensitivity
study related to the friction, the initial pipe’s geometry and the die
diameter.

6.2.1 The effect of friction
The effect of a noise parameter variation on the maximal area deformation ratio such as friction is shown in figure 6.5. The DOE is based
on the experimentally determined friction parameters in the drawing
stage of µ = 0.01 and is extended by two additional values µ = 0.02
and µ = 0.05. The result shows a similar cross ratio border for µ = 0.01
and µ = 0.02. Furthermore, the level of the maximal reachable deformation ratio A0 /A2 remains constant throughout each series except for
the last value Vt = 1. The feasible border for µ = 0.05 is clearly lower.
A higher friction increases the process stresses, therefore lowering the
maximal achievable cross section ratio. The stresses σz displayed on
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the right side of figure 6.5 prove this behaviour, since all the values for
µ = 0.05 are clearly above the other friction values.
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Figure 6.5: Comparing maximal cross sections and stress scatter plot
A closer analysis of the reachable surfaces, forces and stresses is made
in figure 6.6 in order to further understand the consequences of friction
upon the process. The drawing stage is set constant and Vt = 0.88
is chosen as a threshold value for the drawing thickness ratio. The
succeeded variations of three different friction levels are plotted in the
diagrams and the failed points drop down to the zero values on the
x-axis. This allows a better understanding of the critical border value.
The cross section values lower with a lowering rolling ratio Vd . This
dependency is a geometrical consequence of decreasing values for the
outer diameter of the rolled pipe section. At the same time it shows
that the workpiece will elongate in axial direction in order to maintain
a constant volume. For µ = 0.01 and µ = 0.02 the resulted cross section surfaces show little deviation, except for the lowest value vd = 0.78
resulting in a smaller cross-section. Lower ratios do not lead to a successful process. The calculations of the highest friction level µ = 0.05
only succeed up to the rolling ratio vd = 0.87, which means less deformation possible in the rolling stage, given the same drawing stage. A
smaller rolling diameter leads to workpiece failure. The maximal axial
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forces for the drawing sledge are categorically higher for the high friction level for the same geometries. Nevertheless, the pipe forming does
not fail, since the higher force combined with the corresponding area
results in a lower stress level which is the delimitation for the process.
Higher axial stresses than 800 MPa are not tolerated and lead to failure.
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Figure 6.6: Effect of friction on cross section area, force and stresses

6.2.2 The effect of initial pipe geometry and die
diameter
The target geometries for the products range to larger diameters and
several thickness combinations. In order to check their feasibility, the
design of experiments is extended by case 1 and case 2 summarized in
table 6.1.
Case 1 analyzes the effect of a decreased outer initial diameter and increased wall thickness. The base case from section 6.2.1 is changed: the
initial thickness t0 to 5.6 mm, the initial radius R0 to 16.6 mm. Since
a decreased outer initial diameter requires a reduction of the drawing
diameter, d2 is changed to 28 mm. All other parameters are held constant and the drawing and rolling ratios are varied. The result in figure
6.7 shows an increase of the green feasible area towards lower diameter
ratios Vd . This is due to the altered drawing die diameter, which sets
a lower tangential deformation for case 1 than in the base case. The
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ratio between the initial diameter and the drawn diameter for case 1
is d2 /d0 = 0.88 compared to 0.83 in the base case. A ratio d2 /d0 = 1
means no change in drawing diameter and the lower the more tangential deformation is performed.
Focusing on the rolling ratio Vd , the feasible border remains constant
if compared to the base case in figure 6.3. For the same thickness ratio
Vt = 1 (no thinning) the best rolling ratio vd remains 0.74. The zone
with feasible diameter ratios increases for low Vt values, such as 0.71
but is blocked towards lower thickness reductions by the initial gap constraint. This constraint corresponds to the minimal spacing between
the used mandrel and the virgin tube’s inner diameter. Increasing the
mandrel radius and keeping the die radius constant, results in a thinner
outlet tube. At Vtmin = tmin
t0 the increasing mandrel diameter touches
the inner unformed tube radius, limiting its size and therefore a further
tube thinning.
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Figure 6.7: Case 1 - Effect of down-sized initial pipe geometries
Case 2 shows the influence of an initial thickness t0 of 4.4 mm and lowers
the initial radius R0 to 16.8 mm as well as the drawing diameter d2 to
28 mm. The result of the screening shows negligible change in the feasible process window if compared to the base case. This case allows the
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visualization of an iterative judgement of feasibility and adaptation for
a desired target geometry. If a target drawn and rolled geometry has the
specifications of D1 = 23 mm, D2 = 28 mm, t1 = 4.4 mm, t2 = 2.7 mm,
it is possible to judge immediately that it is not producible by the combined process, since the ratios Vd = 0.82 and Vt = 0.61 are outside the
green zone. However, it is possible to adapt the geometry and choose
a thinner initial tube. The process becomes feasible by keeping the
same ratio for the rolled to drawn diameters Vd = 0.82 and reducing
the thickness deformation keeping t2 constant to e.g. Vt = 0.89. The
operating point is now inside the green feasible design space and this
iteration is shown in figure 6.8. Nevertheless, If the product needs two
different wall thicknesses, it will have a maximal thickness t1 derived
from the initial tube, in this case the 3.05 mm. In one hand the same
ratios for diameter deformation become feasible. On the other hand,
the feasible thickness ratios change.
For all the cases, the resulting maximal stresses stay on the same level.
The security factor of SF = 0.75 ∗ kf still delimits the maximal stress
before process failure. The same factor is applied to the maximal feasible surface ratio A0
A2 and marks the not reachable zones. This constant
upper limit for the cross section ratios suggests that the concept of the
equivalent draw is also applicable for the cases 1 and 2. A change in
the initial geometry does not affect the maximal value.

6.2.3 The effect of supportive forces
The concept of supportive forces during the drawing step is presented
in section 3.4. This concept is also applicable to the combined process.
By applying compressive forces on the virgin tube in the drawing step
and thereby lowering the stresses in the critical zone between the sledge
and the rolling step, it is possible to enlarge the feasible design space.
The 2D axisymmetric FEM model is upgraded with the pushing tool
and a full factorial design of experiment analysis is performed while
varying the supportive force FN . The variations of 30 kN and 75 kN
show the anticipated effect. Figure 6.9 clearly shows the expansion of
the feasible design space. The borders widen towards lower ratios Vt
and Vd . The formerly discussed geometry iteration is now improved,
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Figure 6.8: Case 2 - Effect of tool and original pipe geometry on deformation ratios

since the same rolling ratio Vd becomes available for larger thickness
deformations. Consistently with the larger process window, the maximal cross section surface ratio shows an increase as well. It expands
towards the formerly critical design space and enters the yellow zone delimited by the security factor of 0.75 upon the maximal feasible surface
ratio suggested by Dahl [12]. Furthermore there is a shift of the axial
stresses downwards for stronger pushing forces. The high stress levels
are reached at larger strains. For instance the red crosses representing
the FN = 75 kN case are shifted to the right compared to the black
crosses, the case where no supportive force is provided, FN = 0 kN.

The simulations show a positive effect on the combined process. Larger
strains are reached for the same stress level in the critical process area,
therefore enabling larger maximal ratios for the cross-section surfaces.
The graphical visualization shows a larger field with possible operating
points.
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Figure 6.9: Case 2 - Effect of supportive axial force applied before the
drawing step

6.3 Metamodelling of the Process window
and integration into a planning tool
The sections above discuss the effects for different initial workpiece
geometries, drawing and rolling tools as well as friction values and
supportive forces. The process limits represented graphically in the
Vd = f (Vt ) plot are now translated into a metamodel. It is a linear
approach in t0 , D0 , D and σN , has quadratic terms for the Vt effects
and assumes a constant friction. Using the least squares method in the
function ‘fitnlm’ of the matlab statistics toolbox the following coefficients are identified:
Vd ≥ a1 + a2 · Vt + a3 · Vt2 + a4 · σN + a5 · D0 + a6 · t0 + a7 · D1 (6.2)

Table 6.2: Fitted coefficients for combined rolling and tube drawing
a1
a2
a3
a4
a5
a6
a7
2.12 -2.688 1.305 −3 × 10−4 0.083 6.3 × 10−3 -0.1
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The normalized root mean square error ‘nRMSE’ between the fitted
metamodel for Vd and the FEM calculations is
1
nRM SE = ·
ȳ

r Pn

t=1

(yˆt − yt )2
= 3.32 %
n

(6.3)

where yˆt are the predicted values of Vd by the nonlinear fit and yt are
the FEM results. The number of observations in this case is n = 119.
This ‘nRMSE’ is acceptable, nevertheless the R-Squared value of 0.9
suggests the fit could be improved using a broader design of experiments. The support points for the metamodel are evaluated using FEM
between narrower borders as in tube drawing: 30 mm ≤ D0 ≤ 48 mm,
4 mm ≤ t0 ≤ 10 mm whereas 12 mm ≤ D1 ≤ D0 is performed. The support force is varied in 4 levels 0 %, 25 %, 60 %, 90 % of the yield strength
Rp02 . Additionally, the thickness reduction Vt and the rolling ratio Vd
are varied between 0.5 and 1. Further parameters remain the same as
in the model for tube drawing. The material is a 34MnB5 steel with
an initial temperature of 25◦ C. The drawing die angle is set constant
to an α of 15◦ and the friction parameter is µ of 0.02 for all contact
surfaces.

6.3.1 Algorithm for planning tool
The process limits for the combined drawing and rolling are now defined. Together with the limits for the individual and combined processes, it is possible to develop an algorithm for a feasibility check of
the product. Using the metamodels elaborated in the previous section
the algorithm is presented as a decision flow chart and transformed into
a graphical user interface.
The decisive algorithm in figure 6.10 is divided into the first stage concerning the drawing and the second stage concerning the rolling. First,
the available initial pipe with t0 and R0 is chosen. The desired product
geometry D1 must be above the minimal D1 of equation 5.5, visualized
by a process window for the desired thickness reduction Vt . An unsuccessfull draw is adjusted with a smaller D0 or t0 .
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Figure 6.10: Algorithm for product feasibility check
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A successfull draw means that the drawn diameter and thickness are
within the boundaries. It is therefore possible to choose for a grooved or
flushed inner diameter. The grooved product requires the tooth thickness ratio Vz and the tooth length ratio a for calculating the increased
grooved axial stresses according to equation 5.11. If the increased axial
stresses trespas the failure criterion for tube drawing in equation 5.4,
the tooth geometry needs to be adapted. If the stress remains feasible, the rolling step comes next. The rolling ratio Vd is limited and
described by the metamodel in equation 6.2. In the case of a not feasible geometry, supportive forces can be added to increase the feasible
process window. If no supportive forces are available, a compromise in
the final product geometry is necessary. With a defined drawing step,
an increase of the rolled diameter D2 or tube thickness t2 will increase
the ratios Vd and Vt accordingly. The operating point moves into the
green feasible area and avoids process failure.
Finally, with the drawing and rolling feasibility being verified, it means
that the targeted plastic deformation won’t lead to failure due to necking of the tube. The feasibility algorithm ends and its output can be
used for the next step, which is necessary to adjust the tool geometries
of the roll. This will calibrate the product length to the desired values
and is explained in section 6.4.

6.3.2 Graphical user Interface
The presented algorithm for the product feasibility check needs an interface for a convenient user manipulation. The user interface in figure
6.11 includes all the steps which are involved in and delivers a graphical feedback whether the chosen product lays inside the borders of the
feasible process or not. The application includes the following content:
• The process window for combined drawing and rolling step for a
34MnB5 Material is the main use for the application, based on
FEM Simulations and equation 6.2.
• The process window, force and stress prediction for flush drawing,
applicable for 34MnB5 and expandable for further materials is
based on elementary equations and the fit in equation 5.5.
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• The prediction of stress increase for inner diameter grooved tubes
bases on equation 5.11.
The Interface has a split layout with one static and one adaptive side
including sketches which explain the necessary input parameters. On
the left side of the window, it is possible to choose the product geometry which derives from the flush drawing, the grooved drawing or the
combined process. The feedstock geometry and properties include the
choice of material and the initial pipe diameter and thickness. The next
box is the input for the drawn geometries, where the outer diameter
D1 and the drawn thickness t1 are defined. The right side of the application asks for additional product geometries specific of the chosen
product and shows the according process window. The flush drawing
does not require additional information, the grooved pipe demands the
teeth ratio Vz and the arc length ratio a. The rolled and drawn product
will ask for the additional rolled diameter D2 and the thickness t2 as
well as for the supportive force FN .
The operating point for the chosen geometry is marked inside the process window in figure 6.11 on the bottom right and the additional support force demarks the expansion of the feasible area. This is a feasible
example of a combined rolling and drawing product. In the case of
a larger thickness reduction, for example to a ratio vt = t2 /t0 = 0.5,
the operating point is located outside the process window as shown in
figure 6.12. This is the final feedback for an operator while designing
a new product configuration.

Table 6.3: Parameters in GUI showcase
Geometry
D0
t0
D1
t1
D2
Units
[mm] [mm] [mm] [mm] [mm]
Feasible
33.6
4.4
28
4
26
Not feasible 33.6
4.4
28
2.2
26

FN
[kN]
80
80

There are also limitations to the application. The introduction of new
materials is only possible for the user in the classical flush drawing.
For combined roll and draw a new set of FEM Simulations and their
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Figure 6.11: User Interface for drawing and rolling feasibility check
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Figure 6.12: Not feasible operating point outside the process window
solutions is necessary. The metamodels are based on a set of simulations inside a defined design space as mentioned before in section 6.3.
A prompt for information outside this parameter interval will be an
extrapolation.
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6.4 Iteration of roll geometry design
The decision algorithm confirms the feasibility of the plastic deformations and the operating point. It is now necessary to determine the
precise geometries for the roll by zooming in to a specific feasible operating point, where the ratios vt and vd are set. This section describes
the approach for an automatic tool generation and FEM calculation,
given a desired product geometry. It takes over the feasible product
geometry defined in the previous section and adds the axial dimension
to the process. The product geometries are inputs to a tool geometry estimator that creates an initial set. A design model is built using
this set and translated into a FEM model, which is iterated using an
optimization model as shown in figure 6.13. The radial compression
in the rolled zone shows a free and uncontrolled forming of the inner
diameter. This free forming leads to a slight thickness variation and
a prolongation of the tube. Taking this into account, the compressed
length does not correspond directly to the intended dimensions of the
rolls geometry. Adapting the rolls geometry, it is possible to iterate
towards the target product geometry.

L1
t0, R 0, t 1, t 2, D 1

L2

L3

Geometry
estimator
x0

Design model

Analysis model
(FEM)

y

+

-

Optimization
model
min f(x)

ytarget

roll geometry adjusted,
product OK

Figure 6.13: Optimization setup
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6.4.1 Problem description and approach
independent
variables

βwtot

R

PL1

w

PL3

1

PL2

Figure 6.14: Roll geometry parametrization
The parametrized virtual model described in section 6 is built into an
optimization feedback loop that minimizes the differences between the
calculated FEM product and the target geometry. The target quality
criteria of the product are the length of the radial compressed zone L1 ,
the total product length L, the transitions L3 as well as the length of
the uncompressed zone L2 . The design variables as shown in figure 6.14
are the central roll radius Rw1 , the perimeter of the deforming roll PL1 ,
the non deforming perimeter PL2 and the radian length of the diameter
transition roll section PL3 . The sampling of the simulation points uses
a D-optimal approach for the base point selection with 8 points per
iteration and per case. A linear polynomial metamodel is used for the
optimization. The search strategy is sequential with domain reduction
where sampled points are sequentially added into the adapted subregion. The metamodel used for the optimization is updated for every
stage and only covers the current subregion. The tolerances used for
optimization termination are equal to the design change tolerance of
0.01, the objective function tolerance of 0.01 and the metamodel accuracy of 1.
It is a multi-objective optimization with equal weighting of quality criterias as shown in figure 6.1: ∆D1 , ∆D2 , ∆L1 , ∆L, ∆t2 and ∆α. The
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∆ stands for the difference between the target quality criteria and its
corresponding FEM simulation values. The formulation of this constrained nonlinear multivariable function is as follows:

min f (x) =|D1 − D1F EM | + |D2 − D2F EM | + |L − LF EM |+
x

|L1 − L1F EM | + |t2 − t2F EM | + |α − αF EM |


Rw1 





PL1
x=
PL2 





PL3

(6.4)
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An initial set of tool geometries is generated for the desired product
geometry. These are the starting values for the optimization search.
The coordinates define key points for the roll, the die and the mandrel
which allow to construct their shapes. The tool shapes are forwarded
into a prepared FEM model, the place-holders are overwritten and the
simulation is run. The final geometry is analysed and the key coordinates are extracted. The deviations to the target values deliver the
objectives which are equally weighted for minimization.

6.4.2 Result
The FEM prediction without an optimal roll geometry shows deviations from the target geometry as seen in figure 6.15. In this case the
radially compressed zone is shorter than targeted. The optimization
reached the set tolerance required for termination after 20 iterations,
where the design change tolerance falls below the 0.01. The change for
every single design variable remains below this value. The result shows
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7 Validation of Concepts Experimental implementation
The proof of concept using experiments in the factory are the consequent step after proving the virtual feasibility. Starting from standardized drawing with one thickness, the punctual validation experiments
cover the transition of thick and thin pipes, alternation of the outer
pipe diameter immediately after drawing and the forming of the functional element grooved inner diameter.

7.1 Experimental set-up and description
The drawing unit as shown in figure 7.1 is a single feed chain drawing unit with a drawing length of 6m motorized by a 284 kW motor.
The machine is upgraded with a Siemens control which allows a precise positioning of the mandrel on automated mode. The original pipe
is positioned into the input tray and mount upon the towing bar by
means of a rotating load drum. The tube is then pushed forward into
the drawing die and its tip emerges on the other side. The drawing
sledge moves towards the die, pinches the tip and moves forward again,
pulling the pipe through the forming orifice.

7.1.1 Mandrel set-up
The mandrel’s shape is the key to the variable inner diameter and is
shown in figure 7.2. It consists of a base which allows to mount the
single pieces of mandrels with different diameters. The base is screwed
to the retaining bar on the thicker side and another solid screw retains
the pieces on the right side. The retaining bar is connected with two
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1-drawing die
2-drawing mandrel
3-drawing sledge
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4-roll stand
5-pipe input tray

2
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1
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Figure 7.1: Overview experimental setup

pistons functioning as stoppers on its other end. The retaining bar is
pulled back or released to be dragged along with the pipe. It is important to keep the smaller diameter at the tip and the larger diameter
towards the retaining bar. A reverse order is not possible. The material flow diverted by the die deforms until it collides with the mandrel
shaping its final inner diameter. The smaller mandrel produces a thick
pipe and the large mandrel a thinner section. At the very beginning, a
drawing process is not supported in the inner diameter, since the mandrel is still at its starting position. The retaining bar is released and
the mandrel moves forward, touching the material flow which drags it
along its way. The forward movement is interrupted as soon as the
retaining bar hits the stopper, holding the mandrel in place. The first
product geometry is defined by a small mandrel and a thick product.
Moving the stoppers in drawing direction releases the bar and enables
the mandrel to move on forward to its second position, again defined
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Figure 7.2: Mandrel composition for variable thickness experiment

Figure 7.3: Mandrel composition for grooved / cylindric experiment

by the stoppers position. The material flow is deflected through the
die, constricted by the mandrel and results in a tube section with reduced thickness flowing over the smaller mandrel situated downstream.
For the next step, the bar stoppers are pushed backwards, moving the
mandrel backwards into the starting position. Here the deflected flow
is again constricted by smaller mandrel and results into the thicker
section of the product with a smaller inner diameter. This back and
forward movement repeats until the whole pipe is drawn. In case of
a reverse allocation, having a smaller mandrel in this second position
would result into a thick pipe section. But the material flow would
hit the larger mandrel downstream and expand the pipe again. Therefore, a thicker section with a small inner diameter wouldn’t be possible.
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The drawing of the pipe through the die towards smaller diameters
leads to a contact between the decreasing inner diameter and the mandrel. The friction forces drag the mandrel into the forming orifice until
the retaining bar touches the limiting pistons and holds the position.
The machine control allows the precise setting of the position and a programmable retraction of the mandrel. Nevertheless, it is not possible
to program a forward movement of the mandrel, since the movement
in this direction is defined by the friction forces and the speed of the
material flow.
The experiments involving grooved inner walls are performed with a
sectioned mandrel as shown in figure 7.3. The grooved section is
mounted on the rear part and the smaller cylindrical section at the
end of the mandrel.

7.1.2 Roll stand set up
The roll stand has a shape of an hexahedron and measures 600mm
from side to side, as well as 150mm in depth with a weight of 350kg.
The main body holds all components together and is attached to the
drawing unit through six hexagon M 24x100 bolts. The front has openings for the rolls and plates to cover them. The back is closed save one
100mm opening for the passage of the pipes. The three rolls are supported by three JDB650 bearings with the sizes of inner 40mm and
outer 50mm as well as 40mm in length. The bearings are designed to
withstand high radial forces and they contain graphite plugs to guarantee an oilless operation mode. The force flow coming from the forming
step passes the bearings and is transmitted through the 40mm shaft
towards the cage and further over the screws to the roll stand. The
roll cages can be adjusted radially using the positioning screws as seen
in figure 7.4. The main body, the roller cage and the plates are made
out of structural steel 1.0577, the rolls are made of cold working steel
1.2379 and the shaft is tempered steel 1.1213.
Synchronizing the rolls is important for symmetrical deformation of
the workpiece. Nevertheless, the first prototype aims for the concept
validation and will put aside the possibility of using helical gearing
for synchronisation purposes. It will also rely on the passive drive
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Figure 7.4: Roll stand up before attaching to drawing unit
of the rolls by the pipe’s movement. The rolls maintain contact to
the workpiece and deform it only elastically, transforming the linear
drawing into rotational movement. A rudimental synchronisation is
partially achieved using the friction between the O-ring gaskets and
their opposite roller’s contact edge, see figure 7.5. For enhancing the
rollers it was decided to increase the friction systematically on contact
areas relevant for the catching of the roll through the pipe movement.
In case of low friction, the rolls would not have enough drive to neck the
workpiece but would be blocked instead. The milling path is configured
to remove material moving perpendicularly to drawing direction. The
grooved surface is left without a finish and guarantees improved grip
between pipe and rollers.

7.1.3 Experiment 1 - Controlled thickness reduction
The standard tube drawing uses a homogeneous mandrel positioned
inside the forming zone and deforms the original pipe’s thickness into
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Figure 7.5: Improved roller for passive traction

the desired constant value. With the use of a stepped mandrel with at
least two different diameters it is possible to alternate its position and
therefore the final product thickness. The pipe is drawn with a speed
m
of 5 min
and a force of 180-200 kN. The stoppers release the mandrel
into the drawing zone until its starting position is reached. The starting position forms the thickest section. From there the machine control
releases the mandrel 30 mm into the second position where the second
and larger diameter of the mandrel starts forming the thin section of
the pipe. After 24 s the retaining bar is pulled back and the stoppers
move back to the first position forming again the thick section. The
important diameters for the drawing stage are shown in figure 7.6 (c).

7.1.4 Experiment 2 - Drawing and rolling with and
without mandrel
This experiment is the first attempt to connect rolling and drawing at
the same time. It makes sense to increase the loads on the tools gradually during the validation to ensure a maximum of knowledge gathering
in the case unexpected tool or workpiece failure. Therefore, leaving out
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a)

c)

b)

d)

Figure 7.6: Tools overview for experimental validation (a) drawing
die (b) two stepped cylindrical mandrel (c) cylindrical /
grooved mandrel (d) rolling frame; Experiment 1: a+b, Experiment 2: a+b+d, Experiment 3: a+c+d

the drawing mandrel in a first step, lowers the axial forces and leads to
this experiment’s setup using the drawing die and roller frame (figure
7.6 a and d).
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7.1.5 Experiment 3 - Grooved drawing, constant and
alternating to cylindrical, connected with rolling
The drawing step is upgraded with the use of a grooved mandrel (figure
7.6 (c)) in combination with the cylindrical die. The mandrel consists
of two different cores determining the cylindrical and grooved sections.
As mentioned before, the positioning of the cylindrical part of the mandrel into the forming zone results into a circular inner diameter and the
grooved section accordingly into a grooved inner diameter.
In addition to the grooved drawing, the immediate rolling is added to
the process. Figure 7.7 shows the starting geometry of the pipe on
the right side together with the positioning of mandrel, die and rolling
unit to the left. It is possible to change between the mandrel’s position inbetween one experiment run and another, but not during one
drawing step as described in the experiment above. Due to the width
of the rolling cage, the automatic operation mode can’t be deployed
and only manual steering is available. The experiment is restricted to
one position of the mandrel, the grooved part. It is necessary to manually override the control system for the use of the roll stand. This
constrains the mandrel movement as well, therefore allowing only one
fixed drawing position. The result is a pipe which is either constantly
grooved and rolled or constantly cylindrical and rolled.

7.2 Results
The overview in table 7.1 displays the short characterization of the
experiments linked with material, starting geometry and final geometry
of the pipe after deformation.

7.2.1 Results 1 - thick thin transition with a stepped
mandrel
The first experiment helps to warm up the machine and the mandrel
positioning. A transition of the pipe thickness from thick to thin is
achieved and shown in figure 7.8 (a). The thickness changes from
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Figure 7.7: Rolling process is immediate after drawing
3.42 mm to 2.9 mm and this experiment is successfully completed with
a drawing force fluctuating between 170 kN and 200 kN.
The FEM calculations result in a diameter of 40.19 mm and a thickness
of 3.42 mm in the thick area and a diameter of 40.17 mm as well as a
thickness of 2.91 mm in the thin area. The experiment shows a diameter
of 40.19 mm and a thickness of 3.42 mm in the thick area respectively
a diameter of 40.13 mm as well as a thickness of 2.91 mm in the thin
area after releasing the drawing forces and stress relaxation. These results are in very good accordance with the model as shown in figure 7.8
(b), but this is not surprising due to the precise geometrical guidance
of the material flow given by the forming gap between mandrel and die.
Figure 7.9 on the left shows the course of the mandrel during the simulation starting at zero, moving to the position of thick drawing marked
with green and forward into the position of thin drawing marked with
red. The resulting forces displayed on the right show the levels reached
for different friction coefficients in simulations and in the experiment.
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Table 7.1: Overview Experiments Validation Step
Start geometry Final geometry
Material
Da x t [mm]
Da x t [mm]
Drawing
stepped mandrel
Drawing + rolling
without mandrel
Drawing + rolling
cylindrical mandrel

34MnB5

48 x 4.2

34MnB5

48 x 4.2

34MnB5

48 x 4.2

Drawing
grooved mandrel

34MnB5

46 x 3.7

Drawing + rolling
grooved mandrel

34MnB5

46 x 3.7

40.2 x 3.4 x 2.9
40.2 x 4.57
36.1 x 4.6
40.2 x 3.65
36.1 x 3.45
40.2 x 36
grooved:
tmin 2.52
tmax 3.2
40.2 x 36
grooved:
tmin 2.52
tmax 3.2

The force calculations show some noise which have their minima and
maxima indicated by the errorbars. It is important to recognize that
the experimental values are not evaluated with a time series, but from
the analog reading on the machine. The errorbars show again the minimal and maximal values displayed while drawing the two distinct tube
thicknesses.
Comparing the drawing forces predicted by the process model, differences of about 4 to 20% are seen depending on the friction models and
coefficients used. The resulting drawing forces are lower for the thicker
pipe section and higher for the drawing of the thin section. The force
is directly correlated to the total plastic deformation and the thick section is subject to less deformation through wall thinning than the thin
section.
The experiment indicates the reference, the FEM models 2 and 3 are
built in the Simufact Software environment and the FEM model 1 in
the Mentat Software environment. The FEM models 2 and 3 using
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Figure 7.8: Result 1, Validation of transition zone thick to thin, (a)
experimental, (b) model
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Figure 7.9: Result 1, Validation of forces

the coulomb friction with a coefficient µ of 0.05 predict drawing forces
of 230 kN and 242 kN for the thick and thin sections accordingly. The
measured forces on the machine show lower levels of 170 kN and 200 kN
accordingly. This difference from model and experiments is diminished
with the use of a lower friction coefficient µ = 0.01, resulting in a very
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small error of about 4%.
This observation coincides very well with the experimentally determined friction factor of chapter 4.2. The value labelled 0.01 − B shows
the drawing force of the alternative 2D drawing FEM Model 1 built in
MSC Mentat 2013 mentioned in section 4.3. It uses the coulomb friction for contact control and a coefficient of 0.01 predicts Force values
varying 3% around their mean values and matching with the experiment observations. This comparison of force levels is a validation and
assures a consistent prediction of forces among different models of different grades of complexity.

7.2.2 Results 1 - further analysis of radial stresses
The radial stresses are crucial for the understanding of the drawing
stage. During the experiments, a few samples failed due to tube constriction. This tube necking always happens in the same region after
the drawing stage and before the drawing sledge. In figure 7.10 this
region is defined as ‘A’ and shows no radial stresses. This stress distribution differs clearly from the forming zone, where negative stresses of
higher magnitude up to −870 MPa prevail. The necking of the material
is only possible when the radial stresses disperse and a pure axial stress
state is present. In the tensile stress state the condition for necking is
dkf
dϕ = dϕ which defines the elongation before reduction of area in the
sample. This condition is fulfilled outside the forming zone, where the
tube is not squeezed inbetween the tools anymore, but only pulled by
the drawing sledge. Therefore, this region is susceptible to necking.

7.2.3 Results 2 - drawing and rolling with a mandrel
This experiment merges the drawing stage consisting of a die and a
mandrel with the rolling stage as described in chapter 7.1.4. The change
of the pipe’s outer diameter is achieved and shown in figure 7.11. The
thickness does not remain constant and varies from 4.6 mm in the rolled
section to 4.57 mm in the purely drawn section. This experiment is successfully completed with a displayed drawing force fluctuating between
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Figure 7.10: Effective stress level distribution during stepped drawing

150 kN and 170 kN.
The rolled section of the pipe reveals a spline of 3.6 mm width and
0.3 mm height as shown in figure 7.11. The gap between the rolls is the
source of this irregularity. Furthermore, the transition zone between
larger and smaller outer diameter is not uniform along the circumference due to an asynchronous rolling deformation. In this case, the
difference from the entry point of one roll to the next consists of 5.1 mm.

a)

b)

Figure 7.11: Result 2, Validation of drawing and rolling (a) experimental (b) model
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Figure 7.12: Result 2, Section along the longitudinal axis. Experiment
measurements in blue, FEM with rigid rolls in black and
with consideration of frame stiffness in green (a) roll exit
(b) roll cut-in

Figure 7.12 shows the cut in and exit of the rolls during the forming
process. The blue lines show the contours of the experimental sample
acquired using the optical measuring system GOM ATOS. The black
line shows the contour of the FEM model using rigid rolls and the green
line shows the model taking into account the stiffness of the roller frame.
The left figure (a) shows the transition from rolled to drawn tube only.
The transition areas have diverse shapes and lenghts. The length of
the rolled region of the experiment is 102 mm, compared to 104 mm for
the rigid simulation and 103 mm for the rebounding rolls. These values
are taken along one plane cut at 10◦ angle from the defined Y-normal.
The outer rolled contour of the measured sample shows a radius of
18.76 mm. The rigid model’s contour only 17.88 mm. This difference
of 0.88 mm is used to adjust the stiffness of the cage. The approach
consists of reading the force values of the FEM simulation in radial
direction, use them to estimate the characteristic frame stiffness and
lastly adjust the rolling gap as visualized in the chapter basic theory
figure 2.20. Considering the assumption of a constant stiffness with
the 29 kN radial force, the calculated roll stiffness in radial direction
results in 32.3 kN. The original FEM model as described in section 4.4
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is upgraded with a spring and its result is represented with the green
outline. The outer diameter reaches the mark of 18.75 mm, which is a
deviation of only 0.01 mm and within the accuracy of the virtual model.
The stiffness adjustment leads to a more accurate shape prediction inside the rolled zone. The targeted outer diameter of 18.06 mm is given
by the rolls but is not reached. This deviation is partly explained by
the elastic deformation targeted since the beginning of the concept in
order to drive the rolls passively. The rolls open a forming orifice which
is smaller than the final desired diameter and resulting into a material
overlap as described earlier in the experimental setup. The overlap appears outside and inside the rolling zone.
Outside the rolled zone, the outer diameter resulting from the draw die
is influenced by the rolls as well. The moment of contact and deformation of the smaller rolls orifice induces a radial force into the pipe.
If the opposite roll is not clamping at the same time, not supporting
the opposite side, a bending occurs. The pipe is bended out of the
concentric alignment between the die’s opening and the roll’s forming
orifice. The bending could be avoided by a mechanical synchronisation
of the rolls and therefore preventing an asymmetric deformation.
The cross section shown in Figure 7.13 reveals the sample’s radial contour inside the rolled zone. Red colour indicates the radius 18.06 mm of
the forming orifice defined by the position of the three rolls and marks
an ideal circle contour. The blue experimental data coincides with the
ideal shape on a big part of the contour correlated to two rolls and does
not coincide with the roll on the upper left quadrant.
The deviations between the target geometry and the experimental data
consists of 0.15 mm on the bottom side, 0.06 mm on the right side,
0.32 mm on the left side and 0.7 mm on the top. It shows a slight deviation of coaxiality and an asymmetrical shape of the product. The
deviation from coaxiality was minimized by several alignments of the
measurement data towards the FEM results. Following an initial alignment, a local best fit surface alignment was performed to guarantee the
minimal deviation between measurement and FEM mesh. Furthermore
the surfaces chosen for the fitting were the ones the furthest away from
the rolling zone and only deformed by the drawing stage. The draw-
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Figure 7.13: Result 2 Cross section

ing stage, as a guided deformation process should guarantee the best
correlation between FEM and measurements on the product. Whereas
the rolled zone is only constrained by the rolls on the outer diameter
and shows a free deformation on the inner diameter.
The asymmetry of the experimental data can be explained by the use
of independent rolls with independent radial adjustments. The levels
of pre stress on the radial screws will affect their elastic draw back
from the original positioning. Given the three rolls of the experimental
setup, the result in figure 7.13 shows a small draw back of the roll positioned on the right side, a larger draw back of the roll on the bottom
and the largest draw back of the roll on the top left side.

156

7.2 Results

The model using rigid rolls coincides very well with the target geometry. Its deviation to the experimental data can be adjusted with an
upgrade of the rolls. The roll cage as described in the experimental
setup is modeled with a ’die insert’ allowing translations into radial
direction and blocking them in tangential and axial directions. This
kN
.
die insert is coupled with a spring of a fixed stiffness value of 32.8 mm
The adapted model ’FEM die stiffness’ is plotted in green and shows
now a better coincidence with the experimental data for this area and
a worse coincidence with the contour formed by the opposite roll.
In order to produce symmetrical pieces it is mandatory to adjust all radial positioning screws of the three rolls with comparable initial loads.
This will not only ensure symmetry, but will improve as well the coaxiality, since a homogeneous distribution of forces on all contact areas is
guaranteed.
Focusing on the rolling gap, it is necessary to zoom into the zone between the rolls and compare the experimental data with the FEM prediction as shown in figure 7.14. The FEM model predicts a distinct
gap between the rigid rolls. It is an elevation surrounded by two rills
in axial direction. The peak shows a deviation of +0.06 mm and the
rills of −0.24 mm. The experiment shows a less distinct rolling gap,
which is a positive sign, since it helps staying inside the manufacturing
tolerances. The deviation from the ideal target cylinder with a radius
of 102 mm is in the range of ±0.19 mm. In order to verify the model
accuracy and sensitivity concerning the element size, a test run was calculated with a finer mesh of half the element size. The new mesh has an
element length of 0.45 mm and the plot shows no major deviation from
the original model. Therefore legitimating once more the mesh length
of 0.9 mm as described before in section 4.4. The deviation between
model and experiment bases on the rigid rolls. Their elastic behaviour
of widening the forming orifice at the moment of contact with the workpiece is not represented. There is the possibility to improve the rolls as
deformable dies, meshing them and taking into account their material
behaviour. This would be at a cost of an increased computation time
and should be considered in the case of a deeper analysis of the gap’s
geometry.
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Figure 7.14: Result 2 Detail of the rolling gap in the cross section

7.2.4 Results 3 - alternate drawing with a
grooved/cylindrical mandrel
Using the segmented mandrel as described in section 7.1.5 a pipe with
two different types of inner diameter is drawn. Figure 7.15 shows the
experiment and model cross section of a drawing in direction to the
right. The right side (b) shows the step in transition, where the cylindrical segment of the mandrel is deforming and moves forward with the
material flow such as the grooved section comes into action. The step in
is sharp and occurs within a length of 3.4 mm. The left side (a) shows
the step out transition resulting from the mandrel’s retracting movement. The grooved section moves out of the forming zone swapping
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Experiment a)

Experiment b)

FEM model a)

FEM model b)

Figure 7.15: Result 3 for segmented mandrel drawing, step out (a) and
step in (b) with a drawing direction leading to the right

its position again with the cylindrical part. This transition zone shows
different lengths for the different tooths of the mandrel. They range
from 25 to 30 mm in which the inner diameter’s shape changes from
cylindrical to grooved. This is a result of the not perfectly centered
mandrel during the tube drawing. The mandrel has the freedom to
oscillate inside the forming orifice depending on the not homogeneous
radial forces. This is a fluctuating movement that always seeks back
to its robust position in the center of the orifice. If one side pushes
harder, the mandrel retreats to the opposite direction, increasing the
necessary deformation forces on that direction, which therefore pushes
the mandrel back again. This experiment is successfully completed
with a drawing force fluctuating between 12 and 17 tons.
The FEM model predicts a drawing force of 200 kN during the grooved
draw and 157 kN during the cylindrical draw using a friction coefficient
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Figure 7.16: Result 3 grooved drawing section [mm]

of 0.05. Adapting the coefficient to 0.02 the predicted drawing forces
lower to 167.7 kN for the grooved draw and 121.3 kN for the cylindrical
draw, which correlates very well to the measured values. A lower friction coefficient of 0.01 has an undesired effect of not pulling the mandrel
through the forming orifice. The low coefficient has low friction forces
as consequence which are not strong enough to pull the mandrel into
its forming position. It rests in the start position and does not deform
the inner diameter.
Comparing the FEM model with the results of the experiments in figure 7.16 a very good correlation can be seen. The FEM model drawn
in black covers a 30◦ stripe of the tube. This allows for reasonable
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calculation time and mesh resolution inside the grooved area. The experimental data covers the inside and the outside of the product, since
it was possible to digitize the product around the edges. The maximal
deviation between FEM and experiment measurement of the outer diameter and inner contour is 0.2 mm. The tool shape is shown as red
and the dotted blue experimental data fits with a high grade of precision. There is a constant offset of 0.05 mm all across the section due
to elastic tool behaviour which is not considered in the model. The
grooved contours with a height of 8.15 mm are therefore filled up to
94, 5%.
The experimental setup is further upgraded with the rolls right after
the drawing stage. This results in a grooved pipe with a rolled region
as shown in 7.17. It is the combination of the drawing with a grooved
mandrel connected to the rolling stage. This experiment is performed
with a constant positioning of the mandrel where the grooved contour
is further deformed by the rolls. The main objective is to prove the feasibility of grooved drawing linked with immediate rolling. The demonstration is successful, but in order to achieve the required geometrical
accuracy standards for production, it requires further investigation.

Figure 7.17: Final result 3, Grooved drawing with rolled sections
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Tube drawing is bound to the geometries of the forming die and mandrel. The die opening defines the outer diameter of the deformed tube
and is fixed for each tool. Producing tubes with variable outer diameter
requires the joining of at least two different technologies of drawing and
rolling as described in the chapters before. But there is also another
way to achieve the desired product geometries. It is possible to geometrically design a tool which allows the tube drawing with different
outer diameters and wall thicknesses in one single forming step only. A
single step is simpler to transfer into a manufacturing prototype and
its shorter length avoids material waste. This idea results in a new
concept using rotating die parts with a characteristic orifice linked to
the adjusted angular position, called adaptive die.
The concept of an adaptive die allows a geometrical change of the
forming orifice using rotating die parts. This renders possible an inline variation of the desired final tube diameter and therefore avoids a
temporary production stop for tooling. It shows a possibility of further
improving the combined drawing and rolling concept.

8.1 Description of the problem
There is a need for axisymmetric parts in automotive industry such as
transmission shafts and steering handle bars. They are hollow for reducing the weight and have specific geometries requirements along the
axial section in order to fit and work with other parts. Pipe drawing is
a first production step for semi-finished products of this category and
results in long parts with constant outer diameters. The final geometry
e.g. varying outer diameters is achieved by follow up production steps.
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Movable
die parts
Mandrel

Deformed pipe
Figure 8.1: Adaptive die concept
The adaptive die merges two forming steps into one by producing variable outer diameters immediately in the drawing step itself saving post
processing and handling time. A whole new class of products can be
produced in this way directly out of a pipe drawing process. Compared
to the two forming steps pipe drawing and rolling right after each other,
the adaptive die is a better solution for some products due to 2 reasons:
• it allows a shorter functional area needed for contact and force
transmission with the pulling sledge. Functional areas are wasted
material in pipe drawing and cut away after drawing.
• it is only one forming step instead of two different entities (drawing and rolling) reducing the complexity of a potential operative
machine.

8.2 Characterizing the tool concept
The new tool merges the possibilities of cold drawing and axial rolling
of profiles. It consists of at least three movable parts with a contact
surface towards the other parts and one contact surface towards the
workpiece. Depending on the angular positioning, the deforming orifice formed by the movable tools shows a different outlet diameter.
Crucial for the resulting geometry of the product is the layout of the
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forming surface touching the workpiece.
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Figure 8.2: Adaptive die orifice positions
The simplest approach is to create a continuously changing diameter.
There is a start and a finishing section of the rotating die parts. They
fit the original and the final tube diameter accordingly as shown in
figure 8.2. Positioned with an angle of 0◦ , the opening of the die is
large and the tube is deformed to a large diameter. Positioned at 90◦ ,
the orifice forms a smaller opening, resulting in the final diameter. But
this simple continuous surface design leads to an imperfect shape of the
outlet opening as highlighted in yellow at a 30◦ opening. The cross-
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section detail in figure 8.3 shows that the radii of the orifice are not
constant, changing the value and the centre point. The highlighted
surface touches the material flow after passing the section of the tool
with the target shape. Therefore the material is further deformed. In
order to avoid this imperfection, it is necessary to adapt the geometry
of the contact surfaces.

R 19.57

8

1.4
R2

R 15.04

Figure 8.3: Detail of the adaptive die orifice highlighting its non circular
opening
The solution for this geometric distortion of the outlet is to define sectioned tools with discretized forming zones. Every section as shown in
picture 8.4 has one single defined target outlet diameter and the section has a radial length depending of the movable die’s radius and the
crafted workpiece.
The discretization narrows down the variability of the tool towards a
few specific production diameters. But this results into precise target
shapes of the workpiece’s outline as seen in figure 8.5. There are many
possibilities to design the shape of the forming zone. Essential in the
presented solution is the geometric accuracy of the targeted circular
outline of the product.
Furthermore, the first contact zone between the undeformed tube and
the die needs to cope with special geometry constrains as well. A stan-
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Figure 8.5: Solution for geometrical problem

dard pipe drawing has a line contact between the undeformed tube and
the die. In the case of a rotating or pivoting adaptive die, the contact
is not a line anymore. The outer tube diameter touches the tool in
one point only, leading to locally high contact pressures. The aim is to
have a line of contact which allows an homogeneous flow from large to
small tubes. The conical form of a standard drawing die needs to be
reproduced, but this is not possible at all for a rotating device with the
rotation axis perpendicular to the drawing axis. However, it is feasible
for a pivoting adaptive die with discretized sections as presented in figure 8.4. The outlet orifice can be designed so that two final diameters
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are adjustable e.g. D1 and D2 .
Using the same material 34MnB5 and simulation properties as for the
FEM Model 2, a new FEM Model without a mandrel and with the
adaptive dies is created. In this case an initial pipe of D0 = 40 mm and
t0 = 3.3 mm is formed into a pipe of D1 = 38 mm and D2 = 40 mm.
The thickness is not determined since no mandrel is used. The result of
the FEM model in figure 8.6 shows that the concept of the pivoting dies
works. It demonstrates that it is possible to produce a workpiece with
a sequence of alternating outer diameters as described in the targets of
this thesis in section 1.1.1.
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Movable
dies
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Figure 8.6: FEM simulation of an adaptive die process for the showcase
geometry
A deep search into the patent databases supported by the Swiss Federal
Institute of Intellectual Property was done and the relevant documents
analyzed. The gathered information shows already patented solutions
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which go into the direction of the adaptive die solution analyzed in this
work. As far as a distinction is necessary or a significant improvement
can be claimed, this is done in the state of the art in chapter 2. Nevertheless, the final proposals of this thesis show substantial improvements
necessary to guarantee production tolerances, which is a major quality
improvement comparing to actual production standards. The concept
using rollers for further deforming after drawing is described by expired
patents. The pivoting tool concept of Lego Claude [8] protected key
components, but its claim ceased due to the finish of the protection
period. Since the pendulum method is therefore free for use, the shape
of the forming embedded grooves is important and deserves closer attention. There is a concurring concept of a special shaped groove to
reach optimal final contours described by Jung and Malkus [39]. They
focus on an elastic deformation of the tools and calculate a suitable
oversize geometry instead. The process forces will expand the orifice
and lead to the desired final shape. This approach is therefore tailored
only for a specific combination of workpiece material plastic behaviour
and process parameters like friction. The non-continuous concept with
the discretized deformation areas described before in figure 8.4 has
the potential for better performance. It does target a few workpieces
geometries only, but is not constrained to one single material plastic
behaviour.
There is no room for a new patent concerning the mechanism itself of
the rotating dies, but the specific improvement of the discretized areas
of constant deformation radii are an upgrade to the existing technologies. The existing patents do not deliver perfect circular outlines, but
the upgraded version does. It is adapted for the drawing of tubes and
allows a correct final circular tube deformation.
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The combined tube drawing and axial rolling process has been developed in this thesis. A special focus has been put on production
speed, possible product geometry range and compatibility of forming
steps. The implementation efforts resulted in process operation windows where the feasibility of new product geometries is characterized.
The topics of geometrical accuracy and process failure due to tube constriction were thoroughly analyzed.
Furthermore, the possibility of a supportive force has been investigated
to extend the limits of tube drawing limits of the combined process.
The biggest advantage of combining the tube drawing with the axial
rolling is its fast feed rate. This allows for an increase in productivity
as described in section 1.3. The disadvantage is a less flexible product
geometry compared to radial rolling, since every product needs an individual tooling set. Furthermore, the roll gap as shown in figure 7.14 is
a geometrical irregularity. It needs some adaptation of the roll corner
geometries to minimize it. The effects on the FEM of friction, varying
roll cage stiffness and roll gap were analyzed.
The prototype of the process allowed a validation of the virtual FEM
model, proving its functionality and potential for industrial use. The requirements for thickness variation, conical geometry, grooved sections,
compatibility with drawing and the fast feeding rate as listed in table
3.1 are met. Simulations for thickness variation, modification of the
outer diameter and grooving the inner diameter have successfully been
validated in chapter 7. Based on the simulations and on the validation
experiment, a mapping of the feasible operative points is permitted as
described in chapter 6.
This thesis shows that the semi-finished products presented in the introduction with a repeating geometrical pattern on one pipe are producible
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a) Feasible

b) Feasible

c) Feasible

Figure 9.1: The combined forming process allows the planned alternating semi-finished products

using the combined process. The validation of the thickness alternation
of the inner diameter in figure 9.1 a) is presented in section 7.2.1. The
feasibility of the alternating outer diameter b) using rolls is shown in
section 7.2.3 and the grooved and rolled products c) are presented in
section 7.2.4.
The variation of the cross-section focused on two different inner diameters, grooved and flush. This thesis proofs that the grooved inner
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diameter is feasible to a certain extend. The limits are presented in
section 5.2.3.

A

A

B

B

focus

A /B:

Figure 9.2: Flushed and grooved cross sections: feasible
The specific geometrical feasibility is constrained into boundaries and
elaborated in chapter 6. The ranges are expressed as the drawing ratio
Vt , the rolling ratio Vd and the grooved ratio Vz . The targeted rolling
and grooved ratios are made feasible. The use of the supportive force
allows to extend the borders of the rolling and the thickness ratio. For
Vt a deviation of 10 % remains in order to reach the initially planned
targets.
1
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Figure 9.3: Feasible ratios for limited boundaries
Further investigations are recommended for a full-scale industrial application. The results for varying thickness transitions show that it is
possible to vary the inner tube diameter holding the outer constant.
However, the precise positioning of the start and end of this transition
area needs further development. The exact location of the mandrel’s
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border in combination with the material flow speed defines the start
and the end of the thickness transition phase. In order to manufacture
several products in series, as shown in the beginning in figure 1.3, a
positioning error will sum up for the following products.
The combined rolling and drawing has on one hand the main advantage
of fast production rates. On the other hand, it shows a disadvantage of
a long functional area between the drawing die outlet and the position
of the rolls. At the end of a drawing stroke, the sequence of alternating
semi-finished products is interrupted and the residual length is wasted
material. A possible solution to minimize this waste is the use of the
adaptive dies presented in chapter 8. Its FEM model shows that the
functional principle of adjusting the orifice size during the draw works.
However, it is necessary to further investigate the geometrical limitations for ∆d = D2 − D1 and the use of a mandrel.

Figure 9.4: Roll improvement
The first results for the conical sections using three rolls showed an
asynchronous roll movement. The improvement of the rolls with toothed
contact surfaces as shown in figure 9.4 resulted in a substantial increase
of the product’s symmetry. The pilot implementation has been made
with passive rolls, which provide limited control over the geometry. Active driven rolls are suggested to make the timing of tube penetration
better controllable. This would allow for in-line adaptation of certain
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product geometries and reaction to alternating material behaviour. In
order to extend the producible geometries with the aim to include more
geometrical building blocks as presented in figure 1.2, more combinations of drawing die and roller geometries should be further investigated.
Finally, the feasibility algorithm presented in section 6.3.1 summarizes
the findings of this thesis concerning the process borders of the newly
developed forming process. Its integration into the planning tool presented in section 6.3.2 allows convenient user manipulation. In order to
expand the capabilities of the planning tool, there is the possibility to
widen the screened design space of the combined process with further
FEM simulations. Not only the parameter intervals can be expanded,
but also the use of further materials can be implemented by changing
the used metamodel for the process border. The planning tool delivers a working expandable framework for the assessment of the process
windows.
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