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Preface 
 

The market’s increasing demands on lightweight construction for a reduction of fuel 
consumption in transportation systems as well as reduced material resources is becoming of 
increasing importance. This aspect is even more underlined by the current discussion of 
reducing the green house gas emissions caused by production processes. In this context, 
considerate use of energy intensive materials such as aluminum plays a major role. 

The Transregional Collaborative Research Center / TR10 “Integration of forming, cutting, 
and joining for the flexible production of lightweight space frame structures”, set up by the 
German Research Foundation (DFG) at the Universities of Dortmund, Karlsruhe, and 
Munich, specially aims at research on small batch production systems for lightweight space 
frame structures. This research team focuses on the ambitions aim of creating a scientific 
basis for the development of innovative manufacturing processes and design methods for a 
flexible, integrated process chains. This chain should comprise production techniques like 

- three-dimensional rounding during extrusion, 

- extrusion of continuously reinforced profiles, 

- cutting on the fly, 

- five-axis machining, 

- hybrid laser welding and friction stir welding, and 

- joining by electromagnetic high speed forming or high pressure tube forming. 

This work is accomplished in a coupled simulative and experimental way so that there is a 
complete virtual process chain parallel to the real one comprising the extrusion process, 
handling robots, and cutting and joining machines. Following the first funding period 2003-
2006, the current funding period lasting until 2010, has already increased by 4 more projects 
covering the additional joining technique friction stir welding, an enhanced process chain 
simulation, numerical analysis of composite profiles, and the transfer from basic composite 
extrusion technology to the production of aircraft stringer profiles in industrial surroundings. 

This content of technology development, simulation of production processes, and 
integrated consideration will be found in the organization of the following peer reviewed 
articles. It outlines certain aspects of theoretical and experimental projects while setting up the 
process chain. 
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Abstract. Curved Profile Extrusion (CPE) is an extension of the common extrusion process and 

offers the possibility to manufacture three-dimensionally curved profiles. Due to the flexibility of 

the process different curvatures can be produced with the same setup, which makes this technique 

efficient especially for low volume production. The process is characterized by a controlled lateral 

deflection of the strand which influences the material flow in the die and causes the profile 

curvature. In this paper, a direct comparison of the power rating between warm bending and CPE is 

presented. Furthermore, the investigations concerning the choice of support strategy of the 

surmounting profile by a robot to increase the curvature accuracy are continued. Finally, some 

extensions of the equipment are explained to increase the level of process integration. 

Introduction 

Modern transportation engineering applies multiple types of lightweight construction, concerning 

e.g. the materials science, design, and manufacturing. In the automotive industry the use of 

aluminum in structure components is shown by Audi in the A8 and, furthermore, in the sports car 

R8 to reduce the weight by up to 40%. The application of extruded profiles in these space frames 

offers different designs of cross sections so that an optimization by topology can be accomplished. 

Due to the wide choice of cross sections an integration of functions can be obtained, which supports 

the reduction of weight [1,2]. Thinking further in this direction, the large number of joints could be 

reduced using more curved profiles. In general, curved profiles are obtained by a bending process 

which influences unfavorable the profile geometry by elastic springback, cross section deformation, 

and the reduced formability. In contrast to this, the innovative process Curved Profile Extrusion 

(CPE), which was developed by the Institute of Forming Technology and Lightweight Construction, 

avoids these negative properties in workpieces like structure components.  

Curved profile extrusion is an alternative production method to the conventional process chain to 

manufacture curved profiles. This production type is based on the conventional bar extrusion 

process in which the exiting strand is deflected by a numerically controlled guiding tool so that the 

curvature is based on a kinematic shape generation. On the one hand, the deflection of the profile 

causes compression stress at the inner bearing and amplifies the friction. On the other hand, tensile 

stress is superposed at the outer bearing which increases the material velocity. Due to the already 

plasticized material in the die the superposed moment produces no springback, and no residual 

stress in the curved profile. Additionally, the material of the manufactured profile offers nearly the 

full formability so that a following forming process, e.g. hydroforming, is still possible to add 

further details in design [3, 4, 5].  
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Process Comparison 

A more detailed analysis of CPE helpful to separate this warm forming process from a conventional 

warm bending process especially regarding the sensitivity against external influences is obtained by 

the comparison of the loads which are required to achieve the curvature. Both process experiments 

are applied directly at the extrusion press with the same profile geometry of a round rod of 36.5 mm 

diameter to establish comparable initial conditions. The extrusion speed is set to 2 mm/s for the ram 

corresponding to 32 mm/s for the profile speed. This leads to an exiting temperature of the profile 

between 430°C and 450°C, using a preheated billet at 550°C and a container temperature of 450°C. 

The linear axis system which is installed for curved profile extrusion is also used for the warm 

bending process. In order to record the force of the deflection, a load cell is integrated in the guiding 

tool system, displayed in fig 1. 

 
Fig. 1: a) Sketch of the force measurement direction; b) Real setup at the press 

In general, the guiding tool for CPE has two rotatory degrees of freedom so that it orientates 

automatically in tangential direction to the profile. But for the force measurement this rotatory 

movements should be prevented to detect the force for deflection. The deflection movement of the 

guiding tool was generated as described in the chapter Flexible Profile Support below and is driven 

by a PLC control. The CPE experiment is applied by a synchronous movement of the guiding tool to 

the profile speed to produce a constantly plane curved profile with a radius of 1,500 mm. In contrast 

to this, the warm bending test is not operated parallel to the extrusion process. First, the extrusion 

process is started and run until the steady state is reached, which is the case when the target speed is 

attained and the press force slowly decreases. Then, the press stops and the same deflection of the 

guiding tool starts to introduce the bending process. The results of both force measurements are 

shown in fig. 2. 

 

Fig. 2: Load results of warm bending and CPE 
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The diagrams indicate that CPE requires only minimal forces of maximal 34 N to deflect the 

strand for the curvature generation. In comparison to CPE, the warm bending process needs initial 

forces which are nearly five times higher (up to 150 N) to deflect the profile. This circumstance 

makes the definite difference between CPE and warm bending obvious, but also makes it necessary 

to move the guiding tool on the correct path without any external influencing forces which over-

determine the manufacturing process. Some of the influencing factors are discussed in the 

following.  

Compensation by Profile Support 

Factors of Influence. The accuracy of the curvature depends on several influencing factors. The 

detailed analysis of the geometrical condition of the manufacturing cell has to be completed to 

assure correct deflections corresponding to the desired profile line. As it was investigated by Klaus 

[4], the geometrical parameters, the distance between guiding tool and die, the distance of the 

deflection and the angle between the press axis and the linear axis are determined by a practical 

calibration of the system assisted by a non-linear optimization. Due to the warm forming process the 

thermal conditions in the die as well as in the profile have to be taken into account. The profile line 

can also be influenced by quenching after the exit of the profile so that some sections distort more 

than others which largely depends on the cross section design. Because of the consideration of 

three-dimensionally curved profiles the use of a table for the profile support in the run out of the 

extrusion press is not possible. Therefore, bending and torsion effects occur due to the influence of 

gravity [6].  

 

Flexible Profile Support. Introduced in [6], the profile support is realized and investigated for 

plane curved profiles by a six-axis robot type Kuka KR150-2 with a second guiding tool attached to 

the robot´s arm. The results of support strategies applied with a constant distance between the first 

and the second guiding tool for constantly curved profiles have to be transferred to the manufacture 

of three-dimensionally curved profiles by CPE. Due to the complex geometries of three-

dimensionally curved profiles the movement for the profile support behind the guiding tool has to 

be very flexible. The calculation of the movement data for the constantly plane curved profiles is 

easy, but considering the additional dimension in the curvature requires a movement path similar to 

a 3D-spline. Now, the support strategy is expanded from the constant distance between the first and 

the second guiding tool to an attendant support of the profile. By the help of a CAD/CAM chain the 

movement data for the complex profile shape can be generated. The process chain begins with the 

CAD model of the desired structure profile from which the neutral line has to be extracted. This line 

is imported into a CAM system applicable for kinematics simulation. There are two CAM systems 

used in the Collaborative Research Center which are CATIA V5 with the module DMU kinematics 

or MOSES, which is an added application to AutoCAD [7,8]. Both CAM systems offer the 

possibility to simulate the manufacturing process in which the profile is guided tangentially through 

the die. Additionally, the movements of the guiding tool and the robot can be checked regarding the 

working range of the kinematics and the collision with the components of the manufacturing cell 

before the real process takes place. During the simulation the generation of the movement data for 

the guiding tool and the tool center point of the robot are recorded. The program code is exported to 

the robot system where the real tests of the movements are made before the production begins. The 

described experiments are carried out with the help of the CAM system MOSES. A surface in the 

virtual production cell defines the support position of the second guiding tool. In this case, the 

surface is a hemisphere with the center point at the position of the bearing. In the beginning of the 

extrusion process the second guiding tool starts at a position directly behind the first guiding tool 

and follows the profile synchronously to the profile velocity. If the tool center point of the second 

guiding tool reaches the hemisphere, it only moves along the surface, but will not leave it for the 

rest of the process (fig. 3). 
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Fig. 3: Data generation cell (a) and virtual robot cell (b) 

 

The chosen hemisphere as support surface has to be adjusted by the parameters radius and 

distance from the die concerning the accuracy of the manufactured profile. With regard to the 

bending and torsional stresses in the profile calculated by means of mechanical equations two radii 

of the hemisphere, 2085 mm and 2295 mm, both with their center at the position of the die, were 

applied for one part of the demonstrator profile frame, the motorcycle BMW C1 (fig. 4).  

 

Fig. 4: Demonstrator vehicle and structure 

The results of the experimental investigations are shown by a shape comparison between the 

target model and the manufactured structure component with the help of a 3D optical digitizer 

(GOM: ATOS I+Tritop) displayed in fig. 5. Considering the entire profile for the best-fit analysis, 

the deviations in some very few positions on the profile reach up to +/- 7 mm. In large parts the 

profile obtains the target contour with a deviation of +/- 3 mm. 

   

 

4 Flexible Manufacture of Lightweight Frame Structures



 

 
Fig. 5: Curvature accuracy of different profile segments 

The profile accuracy can be examined regarding the segments of the profile, which are 

distinguished by the movement of the guiding tool during the manufacturing process. In fig. 5, the 

four segments a, b, c, and d with the following characteristics are displayed.  

a - straight profile at the beginning 

b - constantly plane curved part 

c - vertical s-shaped part 

d - straight profile at the end 

 

The correct initial configuration of the manufacturing cell will be shown by the accuracy of the 

straightness in the segment a. All following parts depend on the accuracy of the previous parts. This 

is the reason why the failure will increase more and more towards the end of the profile. With 

respect to the front part, in particular segment a and b, the deviations are determined predominantly 

in the arc length. The difference between the manufactured and target angle is measured with 8.5°. 

Contrary to this, the surface deviation amount to a maximum of +/- 0.5 mm towards the end of the 

arc of the manufactured profile. One reason of this deviation can be found in the performance of the 

synchronization between the profile speed and the deflection movement of the guiding tool. The 

synchronization of the presented experiments is applied by the ram speed and the press ratio, which 

differs due to the elongation of the press frame and the unsteady temperature conditions. The 

s-shaped segment most likely achieves the desired accuracy of +/- 1 mm. Although the surmounting 

profile behind the second guiding tool is very long, approximately more than 1,000 mm, the 

straightness of the last part is identified with +/- 0.5 mm.  

Manufacturing Cell for CPE 

Extension of the Movement Range. In the Collaborative Research Center TR10 the complete 

process chain of forming, cutting, and joining is investigated. Therefore, one aim in this wide 

research work is the cooperation between the individual subprojects, which leads to many interfaces 

in communication and also in the real process chain. In particular, the forming process by CPE is 

followed by the flying cutting described in the paper “accuracy of a flying cutting device” of this 
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issue, displayed [fig. 6a]. Both subprojects use a 6-axis robot which has to be synchronized and very 

flexible according to the curvature of the desired profile. Thus, the flexibility in positioning the 

robot for its profile supporting task also during the process is increased by setting it on a linear axis 

(Kuka KL1500). Additionally, the spectrum of support strategies and curvatures can be enhanced by 

the functions of the larger working range. Fig. 6a shows the fixed positioning of the cutting and 

supporting robot at the state of the knowledge of the first funding period in 2006. The current setup 

of the linear axis is parallel to the press axis to enlarge the range in one direction (see fig. 6b). In the 

future, the design of the short process chain between CPE and the flying cutting is planned 

according to the sketch in fig. 6c so that the collision between the robots is prevented and it is still 

possible to deliver the profile by the support robot to the subsequent machining or joining cell.  

 

 
Fig. 6: Manufacturing cell: a) First setup expertise in 2006; b) Current setup; 

c) Future setup with two robots 

 

In-line Quenching. The standard aluminum alloy 6060 has to be cooled down directly after the 

extrusion process to preserve a fine distribution of the alloying elements. This precipitation 

hardening is used to achieve the required mechanical properties [9]. Due to the flexible setup of the 

manufacturing cell and the sideward movement of the profiles of CPE the conventional straight 

cooling section is not applicable. Therefore, the quenching process begins already in front of the 

kinematics, directly behind the die, by a simple perforated ring fed with air pressure to blow parallel 

towards the press direction. A second ring was installed at the guiding tool to support a fast cooling, 

displayed in fig. 7a. In order to minimize the sensitivity against contact with the handling 

kinematics later on in the process chain and to follow the objective of using high strength aluminum 

alloys, the cooling rate has to be increased. On this account, a spray mist quenching was developed 

which limits the cooling to a small area to minimize the contamination of the kinematics. In fig. 7b, 

the equipment of the spray mist cooling is displayed with four spray guns to quench the profile 

equally, which prevents distortion. The diagram shows the quenching effect on the profile surface 

cooling down from the solution temperature to below 200°C in a very short time so that cooling 

rates of 20°C/s are possible. The low mark in the temperature curve represents the end of quenching 
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by mist spray with a subsequent heat flux of the neighboring areas up to a temperature of 150°C. 

The first tests show very good results, but the integration into the process chain has to be proved in 

the future. 

 
Fig. 7: a) Cooling by air pressure; b) Cooling by mist spray 

Summary 

The investigations show that CPE, in comparison to a conventional warm bending process, requires 

considerably less forming capacity so that this method is energy-efficient in addition to the better 

mechanical properties. Furthermore, the further development of the manufacture of three-

dimensionally curved profiles provides the application of complex shaped structure components. 

Regarding the accuracy of the profiles, the influence of gravity makes it difficult to accomplish high 

standards as demanded by customers like the transportation industry. The application of a robot for 

profile support against the effects of gravity offers a possibility to set the contour deviations to a 

level below +7/-3 mm and even below +/-0.5 mm in some profile segments. Due to the flexibility of 

CPE and the integration in the process chain the manufacturing cell needs to be adapted in the same 

way. Therefore, the robot is mounted on a big linear axis to expand the working range for profile 

support and handling. Additionally, the quenching process is considered to implement it directly in 

the process chain by a fast mist spray cooling device with cooling rates of up to 20°C/s.  
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Abstract. Extruded aluminum profiles are essential for lightweight constructions in contemporary 

transport and automotive applications. The reinforcement of such aluminum-based profiles with 

high-strength materials offers a high potential for weight reduction and an improvement of 

functional and mechanical properties.  

In comparison to conventional composite extrusion using fiber or particle reinforced billets, the 

alternatively developed process for the embedding of endless reinforcing elements provides 

enormous advantages regarding extrusion forces, load-adapted reinforcement, and tool abrasion. In 

this extrusion process with conventional billets, modified tools with portholes are used to position 

reinforcing elements from outside the pressing tool and to embed them into the material flow during 

the pressing operation.  

This composite extrusion process is part of the research work started in 2003 and carried out within 

the scope of the Collaborative Research Center SFB/TR10. To increase the potential of composite 

extrusion with endless reinforcing elements, the manufacture of composite extrusion profiles with 

high-strength non-metallic alumina wires is planned. Due to the wires’ specific properties, e.g. high 

stiffness, their deflection behavior must be analyzed to guarantee a stable feeding-in process. In this 

paper the specific behavior of alumina reinforcing elements regarding the feeding-in process is 

analyzed by experimental investigations. The main influencing factors are determined and a process 

window is deduced.   

Introduction 

The production of composite extrusion profiles with continuous reinforcing elements, which are 

embedded in an aluminum matrix, is an innovative process for manufacturing structural components 

in automotive and aerospace engineering. A high-strength reinforcing material is inserted into the 

welding chamber in the form of metallic wires and the wires are bonded with the material flow 

during the extrusion process [1].  

 

To increase the reinforcing effect and to reduce the weight still further, it is judicious to use non-

metallic reinforcing elements which have a higher specific strength and stiffness than metallic 

components (Table 1). One possibility of combining the lightweight material aluminum with 

endless non-metallic components is provided by alumina fibers. However, on the one hand alumina 

fibers have a high tensile strength, but on the other hand the fibers are brittle and rough considering 

bending forces. During the composite extrusion process, the reinforcements are redirected before 

they reach the welding chamber. Because of the wire’s material properties with the non-distinct 

plastic material behavior and the applied bending stresses, which arise during the feeding-in of 

alumina elements, experimental investigations are necessary to guarantee a stable infeed without 

tearing of the reinforcement. 
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Material Rm [MPa] E [GPa] ρ [g /cm3
] E/ ρ [GPa⋅ cm3 

/g] 

Spring steel 

1.4310 (∅ 1mm) 
 > 1950 185 7.8 23.7 

Nickel-based 

alloy  (∅ 1mm) 
1300-1600 205 8.1 25.3 

Alumina fibres until 3100 until 400 4.0 until 100 

 

Table 1: Mechanical properties of reinforcing elements [2] 

Process Principle of Composite Extrusion 

In the composite extrusion process, a homogenous billet is used as base material and the hybrid is 

formed inside a special tool by feeding a second material into the metal flow during the extrusion. 

The billet material splits in front of the sealing plate into upper and lower strands, which join again 

in the welding chamber (Fig. 1 left). The reinforcing elements are fed from the sides into the tool 

where they are deflected towards the press direction within a cartridge provided with channels, still 

separated from the billet material. The elements get in contact with the base material in the welding 

chamber where the two different materials bond under high pressure and temperature [3, 4]. 

 

  
 

 

Fig. 1: Tool design and conditions in the welding chamber [5] 
 

The reinforcing element is introduced at a 90° angle into the die (Fig. 1 left). Holes in the die direct 

the round reinforcement to integrate into the metal flow. During the extrusion process, no external 

force is needed to feed in reinforcing wires, because the metal flow leads to a tension stress in press 

direction on the wire surface [5] (Fig. 1 right). 

To assure a stable manufacturing process of profiles with continuous reinforcing elements, it is 

important that the reinforcing wires are fed without tearing. In consequence of the redirection during 

the feeding, a bending moment appears on the wire. The occurring stresses for linear elastic loading 

depend on the radius of the cartridge channels, the diameter, and the Young’s modulus of the used 

wires. The maximum bending stress σmax of a wire with a circular cross section of the diameter d 

and the Young’s modulus E, which is controlled via a cylinder with the radius r, can be calculated 

with the following equation [6]: 

 

max
2

E d

r d
σ

⋅
=

⋅ +
             (1) 
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If the bending moment exceeds the yield stress, a plastic deformation of the reinforcing element will 

occur. Especially the feeding-in of ceramic wires involves special demands due to the fact that they 

are less flexible than metallic wires which are used for composite extrusion. Moreover, a small 

bending radius can lead to the fracture of the element.  

Behavior of Alumina Reinforcing Elements 

Ceramic fibers can generally not withstand the occurring shear and tensile stresses during the 

extrusion process without prior preparation due to the lack of internal load transfer inside the fiber 

bundle. An advantageous arrangement for using non-metallic wires in composite extrusion is 

represented by fiber-reinforced metal matrix composite wires. Composite wires could serve as a 

reinforcing element providing internal load transfers and helping to overcome the disadvantages 

regarding the extrusion process of fiber bundles. The reinforcing ceramic fibers are embedded in a 

light metal matrix by a continuous pressure infiltration process before extrusion. In addition, using 

the same matrix material for the composite wire and the extrusion process should prevent problems 

at the interface between the surrounding base material and the composite wire [7].  

 

The non-metallic wire for the experimental investigations was provided by the IWK1 (Institute of 

Materials Science and Engineering 1, University of Karlsruhe). The composite wire has matrixes of 

almost pure aluminum and was reinforced by infiltration with approximately 40 vol. % ceramic 

alumina fibers (Al2O3). The wire has a diameter of 1 mm and oval Nextel440 fibers were infiltrated.  

 

To guarantee a stable feeding of the composite wire into the composite extrusion process, the 

deflection has to be determined. In experimental investigations, the force which is needed to pull the 

wire out of the cartridge was measured to evaluate the deflection ability of the reinforced wire. 

Because during the extrusion process, the metal flow leads to a tension stress in press direction on 

the wire which pulls the wires into the welding chamber. For the experiments, a special cartridge 

with different channels with milled radii from 20 mm up to 100 mm in steps of 10 mm was 

manufactured so that the behavior can be determined for a variety of channels. The resulting tensile 

force was quantified with a piezoelectric sensor (Fig. 2).  

 

piezoelectric sensor

catridge with
milled channels

wire

 
Fig. 2: Experimental set-up 

 

The tests were done between room temperature and the maximal temperature of 500°C, which is 

equal to the maximally reached temperature inside the extrusion tool during the composite extrusion 

process. Because of the low dimension and the ambient aluminum matrix, the composite wire cools 

down to room temperature very fast so that the temperature-depending experiments were done 

inside a furnace. Fig. 3 shows the cooling behavior of the double composite wire. 
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Fig. 3: Cooling behaviour  

 

Fig. 4 shows the results of the measured forces which were needed to pull wires through the 

cartridge channels at room temperature. For comparison purposes, the experiments were also 

accomplished with spring steel (1.4310), which was already successfully used for the production of 

composite profiles with endless reinforcing elements. Per used wire and radius five tests were 

executed.  
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Fig.4: Pulling force at room temperature 

 

The Al-Al2O3-wire breaks at cartridge radii less than 40 mm, as shown in Fig. 4. The spring steel 

was deflected without tearing for all tested radii and the needed forces were higher. Generally, the 

detected forces increased when reducing the radius of the supply channels. Analogue equation (1) 

the maximum stress raises with decreasing bending radius. The strength must be absolutely larger 

than the maximally reached bending stresses and the resulting friction forces so that the 

reinforcement wire will not break and can be supplied without failure. For aluminum-alumina 

composite wires with a fiber percentage by volume of 50 %, a tensile strength of approximately 

1300 MPa can be expected [8]. Even at a temperature of 775°C, when the matrix is partially melted, 

strengths still ranging between 500 and 700 MPa are reached [9]. An accurate prediction of the 

wires’ strength cannot be done because the amount of the ceramic fibers in the wires is not exactly 

known. The material properties in fiber direction strongly depend on the fiber quantity in relation to 

the total volume, the type of the fibers, and the characteristics of the fiber matrix connection and 
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vary accordingly in larger extent [9]. It is possible that small pores remained during the infiltration 

of the fiber bundle where the liquid matrix material was not able to penetrate and this phenomenon 

has a negative effect on the material properties of the wire [10]. Fig. 5 shows a polished micrograph 

section of the used Al-Al2O3-wire. 

 

 
Fig. 5: Polished micrograph section (IWK1) 

 

During the successive increase of the temperature, the aluminum base should weaken and permit 

small movements of the fibers, thus allowing a lower stress and pull-out force, which involves a 

better redirection ability. It cannot be assumed that the ceramic fiber bundles become more flexible 

at temperatures of up to 500°C because the melting point of alumina lies approximately above 

2050°C [11]. Fig. 6 shows the results of the measurement up to a temperature of 200°C for a 

bending radius of 50 mm. The pull-out forces of the spring steel decrease continuously, which is a 

consequence of the falling Young’s modulus. The Young’s modulus of solid materials decreases 

usually with increasing temperature due to the decreasing atomic binding forces [12]. However, the 

composite exhibits another behavior, at first the pull-out forces became less, but in the further run of 

the curve the forces rise strongly. The minimum is probably due to the sinking Young’s modulus, 

but the rise is justified by other effects, for example friction.  

 

 
Fig. 6: Temperature-dependent deflection behavior up to 200°C 
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According to the friction model of Coulomb, the frictional force depends linearly on the regular 

force which affects the contact surface orthogonally. The regular force towards the supply channel 

bottom will not be considered by reason of the low death load of the composite wires. But the 

regular force in wall direction has an important influence on the friction due to the stresses. To 

analyze the influence of friction on the feeding-in process, tests with the lubricant boron nitride 

(α−BN) to reduce the friction and without lubricants were made. Fig. 7 shows the results.  

 

The use of the lubricant boron nitride reduced the pull-out force significantly. During the test, it was 

not possible to guarantee a continuous lubricant film. That is the reason why the composites broke 

above a temperature of 450°C. Moreover, the oxide skin of the aluminum matrix has a strong 

influence on the frictional forces [13]. A rise in temperature leads to the oxide skin getting larger, 

which results in an increase of the surface roughness and finally to higher friction forces. 

 

 

0

2

4

6

8

20 100 200 300 400 500

Extrusion
temperature

Measuring point use without lubicant

Measuring point use of boron nitride

P
u
ll-
o
u
t 
fo
rc
e

 
 [
N
]

F
P
u
ll

Temperature [°C]  
 

Fig. 7: Temperature-depending deflection behavior up to 500°C 

Deduction and Analysis of a Process Frame 

Influencing Factors. In the experimental investigations, only the break of composite wires 

appeared as observed disturbance. The reason for the break of the wires is stress above the 

maximum tensile and shear strength. The arising tensions depend directly on the bending radius of 

the cartridge, the tribological system, and the wire characteristics (Fig. 8). The friction, for example, 

can be reduced by a surface coating of the cartridge channels.  
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Fig. 8: Process-related influences 
 

Process Window. Based on the pull-out test, a process window for the feeding-in of ceramic 

reinforced wires can be deduced. Fig. 9 shows a process window for a stable feeding-in process. For 

the composite extrusion process, only the range at temperatures between 400° and 500°C is 

relevant. The degradation of deflection characteristics during the rise in temperature is due to the 

increasing friction. To guarantee a high process stability, a minimum radius of 60 mm is needed. By 

the application of a suitable coating, the feeding-in up to a radius of 30 mm could be possible. But, 

on the other hand, a coating could be negative for the interface between reinforcing element and 

aluminum base, if the coating reached the welding chamber bounded to the wires.  

 

20 100 200 300 400 500

10

30

50

70

90
Extrusion 

temperature

Burst

 

Temperature [°C]

D
e
fl
e
c
ti
o
n
 r
a
d
iu
s
 [
m
m
]

 

 

 
 

Fig. 9: Process window 

Conclusion and Outlook 

The production of continuously reinforced profiles by use of an aluminum matrix and reinforcing 

elements made of steel or ceramic wires offers a great potential for modern lightweight 

constructions. In addition, ceramic fibers feature a high specific strength and stiffness compared 
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with heavy metallic components. The feeding-in process of ceramic reinforcements demands 

specific requirements because of the high stiffness and brittleness. In the scope of the present paper, 

the deflection behavior of the composite wires was analyzed on the basis of the needed pull-out 

force. In general, the pulling force decreases with increasing radius. The deflection behavior also 

depends on the temperature, whereas friction has a great influence, too. Accordingly, a process 

window for a stable embedding could be deduced. At first, the rising temperature leads to 

decreasing process limits, but at temperatures above 350°C, the influence of the cumulative oxide 

skin dominates. To enhance the process limits, an adequate coating of the supply channels should be 

used to reduce negative tribological effects.  
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Abstract. A possibility to increase both stiffness and strength of aluminium-based structures for the 

application in lightweight profiles for vehicle space frames is the use of composite extrusions in 

which high-strength metallic reinforcements are incorporated. Within the scope of the present 

investigations, composite-extruded profiles with wire-reinforcements made of austenitic spring steel 

1.4310 (X10CrNi18-8), in an aluminium matrix AA6060 (AlMgSi0.5), which were exposed to 

different corrosive media for different times, were characterised in terms of the debonding shear 

strength using the push-out-technique. The formation of a galvanic couple could be conceived 

mathematically in regard of terms describing the formation of a shear-impeding layer and the 

corrosive attack. Thereby the parameters for the different media could be determined. 

Introduction 

Aluminium and its alloys are highly qualified candidate materials for lightweight automotive 

constructions due to their low density in addition to the outstanding formability. If the designed 

space is limited, reinforced aluminium-matrix-based profiles present an attractive solution to 

increase both specific stiffness and specific strength. The bar extrusion technology represents a 

promising alternative to conventional casting techniques and is a solid state manufacturing route for 

composites. This can be realized in two different ways: first, the regular extrusion of 

discontinuously reinforced composite billets or, secondly, the composite extrusion of regular billets 

using modified extrusion dies which allow an in situ continuous reinforcement during the extrusion 

process. In the welding chamber of the extrusion press, the reinforcing elements, e.g. wires or ropes, 

are embedded into the matrix under high pressure at high temperature with controlled position 

inside the profile to optimize the load capacity [1]. 

Wire-reinforced composite-extruded aluminium matrix composites are appreciated as an efficient 

material concept. However, corrosive attack between the relatively basic matrix alloy and the 

electrochemically more noble reinforcing elements as a result of the electrically conductive contact 

could be a problem. Due to the formation of a galvanic couple, the interface between the composite 

components which is responsible for the internal load transfer between matrix and reinforcing 

component and finally important for the mechanical capability of the composite material is 

susceptible to enhanced corrosive attack. 

In addition to the qualitative evaluation of the interface and the damage due to the corrosive load by 

means of classical metallographic analysis, the push-out test, first proposed by Marshall [2], offers a 

possibility to measure quantitatively the shear strength of the composite interface and its change as 

a function of time. By means of an indenter, one single reinforcement is loaded axially until damage 

of the interface occurs. Ideally the interface only experiences shear loads. Actually, due to the 

lateral expansion by the compression load, a certain normal stress occurs [3]. Neglecting this, the 

maximal debonding shear strength is calculated through the load maximum of the load-

displacement curve (Fig. 1), 
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in the case of thin samples and by knowledge of the diameter of the reinforcing element and the 

thickness of the sample [3,4]. 

 

Figure 1:Functional principle and schematic load-displacement graph of 

a fibre push-out-test  [4] 

 

According to [5] the degree of corrosive damage can be quantified by the weight loss per time or 

the rate of surface attack. This is also valid for the change of tensile and fracture strength or yield 

strength with time. Within this work the time-dependent change of the debonding shear strength 

serves as a measure for damage evolution. 

Based on a constant rate of corrosion with a simultaneous consideration of an eventual increase in 

the debonding shear strength by the formation of an oxide layer, which impedes the shearing, the 

following mathematical approach for the description of the change of the debonding shear strength 

is proposed: 

 

 tBtAσ(t)σ
n0

debdeb ⋅−⋅+=  (2) 

 

Here, σ
0
deb is the debonding shear strength at the beginning (without a corrosive load). The term 

A⋅t
n
 describes the potential formation of a shear-impeding layer; the term B⋅t describes a linear 

corrosion. 

Experimental 

Sample Materials. The analysed composite profiles with a rectangular cross section of 56x5 mm² 

were produced on a 10 MN bar extrusion press modified for composite extrusion. The profile was 

tempered in air directly after the bar extrusion thereby age hardening the aluminium matrix AA6060 

(AlMgSi0.5) (naturally aged state T4). The reinforcing wires, made from stainless austenitic spring 

steel, 1.4310 (X10CrNi 18-8) had a diameter of 1 mm. The wires were cleaned with acetone prior to 

the bar extrusion. The ram speed of the plunger of the bar extrusion machine was 1 mm/s at a press 

ratio of 1:60. The samples for the push-out test, which were cut on a precision cut-off machine, had 

a thickness of 1 mm.  

 

Experimental setup. The corrosion tests were realised in special multi compartment cases. Fig. 2 

shows the experimental setup. The outer case was filled with the corrosive medium in which 

compressed air was blown through a frit to assure an adequate bath movement. A smaller inner 

case, having many holes to assure the circulation of the medium and in which the push-out samples 

were situated, hung in the large outer case. 
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Figure 2: Multiple chamber case for corrosion tests: overview (left), detailed exposure of the 

periphery of the sample 

Four corrosive media were used: commercial deionised water (H2O), a 2 % common salt solution 

(NaCl), a 2 % caustic soda solution (NaOH) and a street dirt suspension after DIN ISO 9462 (street) 

[6]. The last one also contained 0.6 % common salt and served for the simulation of a 

contamination, as it appears for the application of composite materials in road traffic. The caustic 

soda was chosen to attack the aluminium. The common salt should mainly act on the spring steel, 

which is, due to its composition, not saltwater-proof. The deionised water served as a neutral 

reference solution. The air stream through the chamber was regulated with an analogue flow 

measuring device to constant 3 l/min. Altogether 36 samples were exposed to each medium. 12 

samples each were taken out after 10 h, 100 h and 1000 h, and the debonding shear strength was 

characterised with the push-out-test. For determining σ
0
deb, the debonding shear strength of samples 

without any corrosive load was measured. The push-out tests were carried out on a universal testing 

machine because of the relatively large diameter of the wire requiring high loads. The universal 

testing machine had a registration hardness probe with a cone shaped indenter and a calotte point 

[7]. From the measured force maximum the debonding shear strength was determined with Eq. 1. 

Directly after reaching the decrease of the force (see Fig. 1) the test was interrupted to avoid failure 

of the interface region by penetration of the cone shaped indenter. The damaged push-out samples 

were investigated metallographically. 

Results 

Change of the debonding shear strength. The change of the debonding shear strength depending 

on the exposure time to the medium is shown in Fig. 3. It is noticeable that for every medium the 

debonding shear strength values after 10 h of exposure time in relation to the reference debonding 

shear strength σ
0
deb increase slightly. After 100 h only the debonding shear strength values of in 

NaOH exposed samples decrease in relation to the value of 10 h. After 1000h the samples which 

were exposed to deionised water show only slight changes while the reduction of the debonding 

shear strength of the other samples is significant. The debonding shear strength of those samples 

which were exposed to NaOH could not be determined because the aluminium matrix was 

completely severed. 
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Figure 3: Averages of the debonding shear strength of the spring steel reinforced profiles after being 

exposed to different media (logarithmic scale, left side) and interpolated curve 

(linear scale, right side). 

 

The evolution of the debonding shear strength was described mathematically with a parabolic 

growth of the oxide layer (n=0.5), at first. However, Table 1 shows that the corrosion rate B is 

influenced by the growth of the oxide layer, see Eq. 2.  

 

Table 1: Parameters for the description of the debonding shear strength 

 

Medium n = 0.5 n = 0.25 

 A B A B 

H2O 1.24 0.03 3.24 0.01 

NaOH 2.26 0.52 3.83 0.42 

NaCl 2.07 0.02 5.16 0.06 

street 1.19 0.05 3.05 0.03 

 

Indeed the medium NaOH has the highest B-value (the strongest decrease), which is approved by 

Fig. 3. In comparison to the B-value of the distilled water and the street dirt suspension the value of 

the medium NaCl seems to be too small. The presumed linear corrosion process is better described 

when a parabolic growth of order 4 (n=0.25) is assumed. There, the corrosion rate B increases in the 

range H2O – street – NaCl – NaOH, as observed for the debonding strength in the push-out tests. 

The linearly applied data is shown in Fig. 3 and interpolated with the help of the parameters in 

Table 1 (n=0.25). For the calculation of the above mentioned parameters the value of the medium 

NaOH for 1000 h is disregarded, because no debonding shear strength was measured. 

 

A good accordance between the measured data and the interpolated curves is given with Eq. 2 using 

n=0.25. 

 

Metallographic investigations. Comparing the surfaces of the samples which were exposed for 10 

h, every sample type shows the same. Compared to an unexposed sample the surfaces of all exposed 

samples are tarnished. Fig. 4 shows this with an example of 2 samples, which were exposed for 10 h 

to a common salt solution and a street dirt suspension, respectively. 
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Figure 4:Macroscopic images of the surfaces of the samples after 0 h exposure time (left) and  

 after 10 h exposure time to NaCl (middle) und street dirt suspension (right). 

The development of the damage is shown in transverse sections prepared after the push-out tests. As 

expected, the damage is concentrated on the interface between wire and matrix [8,9]. The wire itself 

does not show any corrosion traces in any medium. Far from the interface the matrix is only slightly 

corroded, with the exception of samples exposed to NaOH. There, a global etch attack comes up on 

the aluminium, which finally leads to a dissolution. Fig. 5 shows exemplarily the development of 

the damage on samples exposed to NaCl. 

Figure 5: Transverse sections of pushed out samples after 0 h exposure time and after 10 h, 

100 h and 1000 h exposure time to NaCl (f.l.t.r.). 

Additionally, the comparison of a sample exposed 100 h to deionised water with a sample exposed 

to NaOH for the same time shows the degree of damage, Fig. 6. 

 

  
 

Figure 6: Transverse sections of pushed out samples after 100 h exposure time to H20 (left)  

and to NaOH (right). 
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Summary 

The investigations showed that corrosion damage appears in the investigated compounds by 

forming a galvanic couple between the matrix (AA6060) and the wires (1.4310) during the 

exposure to different media according to [8,9]. This can be quantified with the push-out test. 

Thereby the damage or the corrosion rate respectively is dependent on the used medium and 

increases in the range H2O – street – NaCl – NaOH. The change of the debonding shear strength 

with the exposure time could be quantitatively expressed by  
 

 tBtAσ(t)σ 0,250
debdeb ⋅−⋅+=  (3) 

 

For every medium the debonding shear strength increases at first. This may be ascribed to the 

influence of the forming tarnishing layer, which is very thin and hardly to recognize under the light 

microscope. By comparison of the medium street dirt suspension and NaCl with respect to the 

corrosion rate B, a ratio of 1:2 exists, whereupon the ratio between the NaCl concentrations is 

1:3.33. The damage must be led back to other mechanisms in the case of the street dirt suspension. 

All in all, only long exposure times or a very strong corrosion impact of the medium (NaOH) lead 

to a clear reduction of the debonding shear strength. The decrease can be traced back to the removal 

of the matrix material. In the case of the sample which was exposed 100 h to NaOH, the supporting 

interface had only half of its initial length – consistently the debonding shear strength should be 

reduced to about 50 %, as was approved by the measurements. 

Overall, it can be summarized that the damage starts from the front surface - and therefore on a real 

lightweight structure of composite profiles from the exposed side. Therefore the critical damage of 

the bearing structure through corrosion is excluded or avoidable by protective coatings. 
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Abstract. The prototype for the flying cutting of spatially curved extrusion profiles developed as 

part of the Collaborative Research Center Transregio 10 (SFB/TR 10) was tested as an integrated 

part of the overall system in first test runs. The profiles resulting from this process give proof of the 

potential involved in both, the novel curved profile extrusion (CPE) and the automatic supporting 

and cutting device. For subsequent automated processing to become possible, however, the reliably 

achievable accuracy of extruded profiles needs to be further improved. By the example of the ex-

truded profiles produced so far, this article discusses potential factors that may impair profile accu-

racy and presents approaches and methods for the improvement of accuracy. 

 

Introduction 

The previous grant period of the Collaborative Research Center Transregio 10 (SFB/TR 10) was 

dedicated to a study of the theoretical basics and the elaboration of concepts for a process chain for 

the flexible production of three-dimensionally curved aluminium profiles.  

During the first phase of the Collaborative Research Center Transregio 10, subproject A4 con-

ceived and implemented a prototype for a cutting and guiding device required for the novel “multi-

axis CPE” [1]. The prototype of the system includes a so-called flying saw and a transfer tool, 

which are used as tools for a standard industrial robot (Figure 1). The prototype of the flying cutting 

device allows for the guiding and cutting of three-dimensionally curved profiles [2]. The production 

of spatially curved profiles requires the relevant forces of gravity and acceleration to be absorbed by 

the flying cutting device in order to prevent undesired deformation that might otherwise be caused 

by these forces. Neither may there be any influences resulting from the cutting process that affect 

the profile during manufacturing. Besides, accelerations and velocities higher than in mere robot 

applications can be achieved through the use of highly dynamic additional axes in the tool of the 

flying saw und the transfer tool. The transfer tool allows the semi-automatic transfer of the cut pro-

files to other machining points [3]. 
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Figure 1: Prototype of the flying cutting device (wbk, iul) [2] 

 

All kinematic mechanisms involved in the production process need to be operated synchronously 

in terms of their movements in order to guarantee the reactionless support of the profile during the 

actual production process. In case of the prototypically implemented system presented here, this is 

ensured through a primary NC control. The NC control takes care of the synchronous activation of 

all kinematic mechanisms involved in the process on the basis of its design as an electronic trans-

mission. During this process, the NC control transfers the reference paths identified in an offline 

programming environment to the respective axes in real time [4].  

In the summer of 2006, the overall system comprising both the extrusion press and the guiding 

tool belonging to subproject A1, “multi-axis CPE”, which is located in Dortmund, and the flying 

cutting device and kinematic transfer mechanism from subproject A4, located in Karlsruhe, was set 

up in a process chain for the first time. In first tests, the functionability of this concept regarding the 

production of aluminium extruded profiles was proved. 

Motivation and Objective 

The initial focus during the first grant period was the verification of the feasibility of the fly-cutting 

process. Towards the end of the first grant period, first trials with the overall system produced ex-

truded profiles which were measured in order to determine the profile contour accuracy achieved so 

far. The measurements were performed with a coordinate measurement arm. The identified actual 

profile contour data was then compared with the reference contour from the CAD. The deviation of 

the measured profiles as compared to the reference geometry was measured at 14 measuring points 

for the purpose of evaluation. Figure 2 – top shows an example of a measured profile in comparison 

with the reference contour. A summary of the other results can be seen from Figure 2 – bottom.  
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Figure 2: Measured profile contour (above, wbk), summary of measurements (below, wbk) 

 

The deviations shown by the extruded profiles resulting from the process chain of the subprojects 

A1 and A4 combined are similar to the contour deviations of the extruded profiles that have so far 

been produced by subproject A1 with manual support of the profiles [5]. The medium error in terms 

of contour deviation across all measured profiles amounted to a deviation of 4.5 mm for a profile 

length of approx. 1400 mm and a radius of 560 mm.  

The current funding period is aimed at increasing the accuracy of the profile contour, because the 

accuracies achieved with the flying cutting device so far are insufficient for subsequent automated 

machining processes. For this goal to be achieved, the first step to be taken is a detailed analysis of 

the entire process. To that end, preliminary investigations are required to identify the boundary con-

ditions during the operation of the flying cutting device and to determine the main influencing fac-

tors affecting the accuracy of the profile contour. Based on the results of the analysis, concepts for 

the calibration of the flying cutting device and the kinematic transfer mechanism are then conceived 

and implemented. 

Influencing factors 

Studies of the overall system facilitate the identification of a high number of factors impairing accu-

racy that result from various system components. Some of these factors regarding CPE have already 

been presented in [6] and [7]. The effects of gravity and profile cantilever length on profile contour 

deviation were studied. Besides, a first estimation regarding the possible effects of tilting the first 

guiding tool was carried out. There are additional influencing factors for the overall process and the 

flying cutting device that can be seen from the following fault/effects diagram (see Figure 3). 
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Figure 3: Fault/Effects diagram (wbk, following [6], [7], [8]) 

 

The factors affecting contour accuracy can be grouped in four error categories: kinematic mecha-

nism, extrusion process, control and temperature. The enumeration of these influencing factors does 

not imply a rating in terms of either significance or quantitative effect of the contour deviation in 

case of occurrence of the respective error. The next working steps, therefore, consist in the identifi-

cation and evaluation of the individual influencing factors. Subsequently, suitable methods for error 

compensation are to be elaborated and implemented.  

Influences resulting from the kinematic mechanism such as an inclination of the robots or the 

guiding tool can be identified by adequate measuring methods. These usually repeated errors can 

then be minimized by an exact positioning of the components or by adjusting the control model.  

The trials and operations presented in this article relate to the identification of the statistic and 

temperature-induced deviations of the employed kinematic mechanisms. Following projects shall 

deal with other influencing factors such as control and thermal workpiece deformation.  
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Static deviations of the kinematic mechanism  

For the identification of deviations at the TCP (Tool Center Point) of the flying cutting device, a 

laser tracker was used to record a point grid with a spacing of 100 mm between each point and a 

measuring envelope of LxWxH = 1000 mm x 1000 mm x 800 mm in front of the extrusion press. 

For the calibration of the measuring envelope, the zero level and the corresponding Cartesian coor-

dinate system were determined on the basis of three calibrated points. Subsequent measurements 

were carried out in the envelope that had thus been calibrated. The deviations identified for the 

measuring envelope can be seen in Figure 4.  
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Figure 4: Identified absolute deviations in a measuring envelope of 1000mm x 1000mm x 800mm 

(wbk) 

 

The distribution of individual errors shows growing position deviations with increasing distance 

in x, y and z directions. The absolute deviations from the actual positions amount to 1.2 mm in the 

upper section of the measured space (see marking Figure 4, bottom) and to up to approx. 0.6 mm in 

the lower section. The absolute deviation is calculated on the basis of the respective reference and 

actual components of the measurement values according to the following formula: 
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The measurements substantiated a significant deviation of the actual position of the TCP of the 

flying cutting device regarding the absolute position. A compensation of these errors is indispensa-

ble if high accuracies of the profile contour should be achieved.  

 

 

An approach to the compensation of static deviations  

[9] and [10] present different methods for the achievement of industrial robot accuracy increases 

through calibration. Basically, these methods can be subdivided into numerical or data-based cali-

bration and model-based static and dynamic calibration. A model-based static calibration is already 

performed by the robot manufacturer. One approach to a further increase of profile accuracy is, 

therefore, data-based or numerical calibration of the control and the overall system on the basis of 

correction values for path generation. Improving the system’s accuracy by this method, the three-

dimensional working envelope is first subdivided into a grid structure. Afterwards, the respective 

position offset between reference and actual position can be determined for each grid position. By 

interpolating between the grid points the intermediate errors can be described, too. This method is 

mainly used for the calibration of machine tools because of the cartesian arrangement of axes which 

impedes any alteration of main axis orientation. With regard to the flying cutting device, the work-

ing envelope in front of the extrusion press can be assumed to be very limited because of the restric-

tions resulting from the CPE. The possible axis positions of the industrial robots are also limited by 

CPE, which allows good results through numerical calibration according to [11], too.  

The identified measurement values may now be used as a database for the creation of an error 

model. This error model can then be used for a numerical calibration of the motion paths of the fly-

ing cutting device. To that end, for the correction of the paths generated offline in accordance with 

the deviations identified with the error model, an additional process can be added after the path gen-

eration for the fly-cutting. The updated reference lists are then used by the primary NC control for 

control of the system.  

 

Influences resulting from a temperature increase caused by the extrusion press  

Temperature influences on the industrial robots and the guiding tools represent another cause of 

contour deviations on the profile accuracy. The extrusion process is based on an aluminum forming 

process at high temperatures of 450 °C. Due to their position right in front of the extrusion press, 

the industrial robots and guiding tools used operate in an inhomogeneous temperature field and are 

heated from one side. Besides the intrinsic heating of the industrial robot in operation, the resulting 

deformation represents another source of errors regarding path deviations. One specific particularity 

of the CPE is significant when it comes to analyzing the thermal deviation behavior. Although the 

required robot path depends on the intended workpiece geometry, the probability of the robot being 

in front of the extrusion press is very high. In this section, any position deviations of the industrial 

robot have got a particularly high impact on the contour accuracy of the profiles because of the lev-

erage effect in that area.  

In order to reduce deviations in this working envelope, a robot position suitable with regard to ther-

mal aspects was chosen in a first step. It is important to keep the distance between the flying saw 

and the robot base as small as possible. Furthermore, the height of the cutting device is supposed to 

match the height of the robot base as much as possible to allow the thermal expansions of both os-

cillations in z direction to compensate each other to the largest possible extent.  

In order to examine the influences of this process-induced heating on the industrial robots in a 

second step, the robot cell for fly-cutting was additionally equipped with a heating zone used to 

simulate the temperature generated by an extrusion process in the industrial environment. The heat-
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ing zone consists of several ceramic heating elements connected in series which are continuously 

adjustable to temperatures from 20 °C to 750 °C. The heated section of the heating zone is approx. 

1100 mm x 900 mm large, and, thus, corresponds to the area used for the extrusion press of the Col-

laborative Research Center.  

The pilot testing performed as part of subproject A1 identified the following temperatures at the 

actual extrusion press during operation: 
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Figure 5: Temperatures in the periphery of the extrusion press (iul/wbk) 

 

According to these results, the air temperature in the periphery of the robot, which is situated 

about 800 mm away from the extrusion press, exceeds the regular room temperature by approxi-

mately 10 K. In order to simulate the heat generated by the extrusion press, the heating zone was set 

to 100 °C surface temperature. At a distance of 450 mm from the heating zone, the temperature in-

crease amounted to approx. 7 K at a level of 400 mm above the floor, whereas 1350 mm above the 

floor it was 13 K. 1500 mm away from the heating zone, the temperature increase was still approx. 

2 K at a level of 400 mm above the floor.  

The industrial robot and the flying cutting device were then equipped with 45 temperature sen-

sors to measure the surface temperature of the components. A 60-channel temperature measurement 

module designed for relative measurements was used for temperature sensing, allowing a 6-second 

cycle of measuring-data acquisition with a resolution of 1/10 °C.  

In order to measure TCP displacement and an alteration of the absolute and repetitive accuracies 

during operation of the flying cutting device with partial temperature impact, a point grid with a 

spacing of 400 mm between measuring points was approached periodically with the industrial robot 

in continuous operation within a working envelope of LxWxH = 800 mm x 800 mm x 800 mm in 

front of the heating zone. The x, y and z position of the TCP were identified by means of a laser 

tracker by the Faro company. The positions approached with the robot correspond to a working en-

velope in front of the extrusion press that is particularly important for compensation. Simultane-

ously, the temperature changes at the measuring points were recorded. Figure 6 shows the setup of 

the test rig. 

 

Advanced Materials Research Vol. 43 29



LasertrackerHeat source

Flying cutting device

Reflector 

Temperature

sensor

Measuring points

Cubic measuring grid, 

800 mm edge length,

Heat source,

flying cutting device

Y

X

Z Y

X

Z

 
Figure 6: Test rig for the simulation of the temperature impact (wbk, left),  

schematic illustration of the measured points (wbk, right) 

 

The measurements were discontinued once stable temperature conditions had been achieved, i.e. 

after approx. 6 hours. The results showed a maximum temperature increase of approx. 9 K at the 

robot and the flying cutting device in the upper section of the tool. Temperatures were generally 

higher in the front section of the system, which can be explained by the affected parts being exposed 

to direct radiation emanating from the heating zone. Figure 7 provides a summary of the results of 

the temperature increase at the side facing the heat source (front side).  
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Figure 7: Temperature measurements, partial heating, front side (wbk) 

 

The sawtooth-shaped temperature changes displayed in Figure 7 result from the measurement 

motion of the robot when recording the grid points. During the 5-minute long measurement mo-

tions, temperatures decrease by a maximum of 2 K each, whereas the temperature continues to in-
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crease during the 15 minute break between measurements while the robot is positioned in the start-

ing spot in front of the heat source. Between measurements 9 and 10 there was a 45 minute break, 

and there was another 30 minute break between measurements 11 and 12.  

The temperature development along the upper robot arm includes measuring points 15, 17, 18 

and 29, the maximum temperature increase being 8 K. Along the lower arm including measuring 

points 43 and 45, temperatures exceed the initial value by up to 5.2 K. The temperature at the saw 

frame amounts to approx. 8.8 K at measuring point 10 and approx. 4.5 K at measuring point 5 in the 

steady-state condition. Figure 8 shows the temperatures on the back side facing away from the heat-

ing zone by way of comparison.  
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Figure 8: Temperature measurements, partial heating, back side (wbk) 

 

The component surface temperature was generally lower on the back side than on the front side. 

There was no drop of temperatures during measurement motions like the decrease identified on the 

front side. Temperature distribution along the upper robot arm, beginning at the flange, exceeded 

the initial temperature by up to 5.8 K at the end of the measurements. Along the lower robot arm, 

the temperature increase amounted to a maximum of 4.0 K as compared to the initial temperature. 

The temperature at the saw frame had increased by approx. 2.8 K at measuring point 20 and by ap-

prox. 1 K at measuring point 31 at the end of the measuring process.  

The measured temperature difference between front and back side of the robot amounted up to 

4 K between measuring points 29 and 39. The maximum difference between front and back side at 

the fifth axis of the robot was approx. 2.9 K right at the upper robot arm. The difference at the re-

maining measuring points was between 1.3 K and 1.8 K. The temperature difference between meas-

uring point 5 on the front side and measuring point 31 on the back side was approx. 4 K at the longi-

tudinal struts of the saw frame.  

The heating caused by the simulated extrusion press led to non-uniform temperature increases 

across all robot axes. The temperature differences on the front and back side of the kinematic struc-

ture cause a change in length and a deformation of the individual axes through thermal deflection. 

This leads to a change of the robot pose and the robot paths during operation, which is detrimental 

to accuracy. The overall impact of the heat on the robot structure was recorded by measuring the 

position of the TCP during measurement motions of the flying cutting device. Both the relative TCP 
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displacement in x, y and z direction and the relative total error as compared to the initial measure-

ment are shown in Figure 9 on the basis of measurements at two different measuring points.  

 

-0,25

-0,15

-0,05

0,05

0,15

0,25

1 2 3 4 5 6 7 8 9 10 11 12

Nr. of test run  
 r
e
a
lt
iv
e
 d
is
p
la
c
e
m
e
n
t 
in
 m

m

Heizfeld zugeschalten

-0,25

-0,15

-0,05

0,05

0,15

0,25

1 2 3 4 5 6 7 8 9 10 11 12

Nr. of test run  

re
a
lt
iv
e
 d
is
p
la
c
e
m
e
n
t 
in
 m

m

Heizfeld zugeschalten

Y

X

Z Y

X

Z

delta X relative

delta Y relative

delta Z relative

cum. displacement

Start of heating

Start of heating

 
Figure 9: TCP displacement, partial heating (wbk) 

 

Figure 9 shows an increase in TCP deviation during the first two measurements. As displayed in 

Figures 7 and 8, this is caused by the stronger temperature increase of the robot structure during the 

heat-up phase. Afterwards, the temperature increase decelerates and the TCP deviation rises to a 

smaller extent. The total additional displacement of the TCP at the examined measuring points 

caused by the temperature-induced deformation affecting the robot amounts up to 0.25 mm.  

The TCP displacement in y direction is more pronounced than in x and z. The development of 

TCP displacement in x and z direction is mainly caused by the change in length of both the lower 

and the upper robot arm. In Figure 10, this development has been tested and proved by setting up a 

model. The robot structure was adjusted according to the first measuring point by means of a simpli-

fied model consisting of two thermally variable bars corresponding to the robot arms in terms of 

length. The elongation of the bars caused by an averaged temperature increase from the measured 

values at the front and back side of the robot were used to calculate the respective displacement of 

the TCP. 
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Figure 10: Comparison of calculated and measured TCP displacement in y and z direction (wbk) 

 

The calculation from the simplified model in Figure 10 shows a good agreement between meas-

ured and calculated values in x and y direction. The discrepancy with the measured values can be 

explained by the model with some simplification, as not all the components of the flying cutting 

device were taken into consideration. Figure 9 shows that TCP displacement is mainly caused, 

though, by the large displacement of the y position in the negative direction. The deviations in this 

direction may amount up to 0.2 mm. This displacement cannot be calculated by means of the sim-

plified model, because the temperature difference between front and back side leads to the thermal 

deflection of the heated components.  

When evaluating the measurement results, it should be considered that the intrinsic heating of the 

robot drives needs to be added to the identified thermal deformations during real operation. Besides, 

prior to measurements, the position of the robot was chosen to allow the thermal changes in length 

of the oscillations to compensate each other to the largest possible extend due to their spatial orien-

tation. This effect can be seen in Figure 10.  

Previous measurements show that the heating of the robot axes causes an additional displacement 

of the TCP in the robot poses. The deformations of the robot axes caused by heating affect the path 

of the flying cutting device during movement. As mentioned above, however, the final contour of 

the profile is directly dependent on the path taken by the flying cutting device during CPE regarding 

the production of extrusded profiles. The mere numerical calibration of the motion paths of the fly-

ing cutting device and, thus, error compensation based on the absolute accuracy of the robot would 

not be sufficient to minimize errors during the production of extruded profiles and increase their 

accuracy. The measurements carried out up to date show further potential through an additional 

compensation of the errors caused by temperature increases, whereas it needs to be taken into ac-

count that a good positioning of the robot may already reduce the thermal deformations considera-

bly. Following work will try to achieve the mathematical description of the overall structure in order 

to calculate the influences of heating resulting from both process and drives on thermal deflection. 

One approach to the accuracy increase of robot paths and extruded profiles will then consist in the 

use of the conceived mathematical model for path generation through the consideration of tempera-

ture increases at the flying cutting device and the robot. 

An integrated calibration approach for the improvement of the accuracy allows for the tempera-

ture-related influences to be additionally accounted for by means of a supplementary learning in-line 

calibration during the production process. Previously developed and established methods for the in-

line calibration of robot applications cannot be applied to the flying cutting device used for the ex-

trusion process. These methods are mostly based on a calibration system working with a reference 

object that is both temperature stable and distortion-free. During working mode of the robot cell, 

additional sensors fitted to the robot measure the robot-pose which is to be calibrated via previously 
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determined poses in relation to the reference object. Subsequently, the sensors identify a possible 

deviation of the actual pose from the reference pose. The robot model stored in the control is cor-

rected to match the measured sensor values on the basis of a suitable algorithm. In the case of extru-

sion, the flying cutting device is required to continuously support the manufactured profile, which 

impedes any movement towards a reference object during operation. A calibration strategy like this 

cannot be used for this application.  

One approach to a learning in-line calibration of the flying cutting device would consist in the 

use of measurement data from the downstream quality assurance of the extruded profiles. Devia-

tions of the extruded profile would be recorded right after cutting and transfer and then stored in an 

error model on the basis of a suitable method linking the error to the movement and position of the 

robot at a specific time. As mentioned above, accuracy requirements are not equally high in differ-

ent locations of the working envelope. In accordance with the law of the lever, the accuracy needs to 

be higher close to the guiding tool of the extrusion press than at a greater distance from it. Statisti-

cally, calibration accuracy is rising close to the guiding tool and falling when moving away from it 

because of the higher probability of the robot acting in the front section of the working envelope 

close to the extrusion press. An iterative method allows for a gradual increase of the absolute accu-

racy with every extruded and measured profile and for the continuous compensation of thermal 

modifications in particular. 

Summary and outlook  

This article presents the possibility of manufacturing curved aluminum extruded profiles by using a 

flying cutting device and a kinematic transfer mechanism. Contour deviations shown by the profiles 

that have been manufactured so far facilitated the determination and examination of factors affect-

ing contour accuracy. The accuracies and errors in position deviations achieved up to date were de-

termined by means of the direct impact of a position deviation of the flying cutting device on the 

target profile contour and measurements. The necessity of calibration was identified and explained 

on the basis of these measurements regarding the statistical accuracies of the robots operating in the 

working envelope in front of the extrusion press and of examinations of the effects of partial heating 

resulting from the extrusion press that affects robot accuracy. On the basis of these measurement 

results, approaches to static calibration and to a learning in-line calibration were presented.  

Future work will be dedicated to investigations how the measurement results can be used for the 

calibration of robot paths with the aim to increase profile accuracy in a first step through improving 

the accuracy in the reference paths of the flying cutting device. Besides this, the details of the ap-

proach to a learning in-line calibration and to a mathematical description of the flying cutting device 

are to be worked out in order to be eventually able to compensate temperature-related influences on 

kinematic structures during operation.  

Furthermore, already initiated tests on dynamic deviations during profile manufacturing have to 

be extended by the synchronous recording of robot paths during the manufacturing of extruded pro-

files. Subsequently, the results create the basis for accuracy improvements of the overall system by 

extending existing models.  
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Abstract. Lightweight frame components made of aluminum and load optimized connecting 

elements allow the reduction of weight and energy consumption as well as the increase of payload. 

Complex frame structures which nowadays can be designed and optimized with the help of modern 

simulation technologies require the use of adapted manufacturing technologies. Especially the 

flexible machining of single or limited products on the basis of common machining strategies is still 

inefficient and economically unacceptable. This article describes the development of adequate 

strategies for a high quality machining using simultaneous five-axis milling. Consequently, the 

machining of composite extruded aluminum profiles with continuously embedded steel-wire 

elements and the preparation of joining areas on nodes and commonly extruded profiles for 

innovative joining by forming processes have been analyzed. 

Introduction 

Modern lightweight frame components are the basis for many constructions in automotive 

engineering and aerospace industry. These load-optimized and highly customized products need to 

fulfill the particularly complex requirements of certain applications, so the costs of manufacturing 

can increase easily due to a great variety. 

 

The investigations described in this article are part of a project within the “Collaborative 

Research Center (SFB/TR10)” which is supported by the German Research Foundation (DFG). It 

deals with the development of handling, machining and joining of single lightweight structures in a 

flexible process chain [1]. Fig. 1 shows the main aspects of the project A6.  

 

 
 

Fig. 1: Requirements for machining modern lightweight components 

 

The machining of modern steel-wire reinforced aluminum profiles with various profile 

geometries is still regarded as critical in consideration of tool wear [2]. The manifold requirements 

of machining composites depend on the materials used and their configuration, the chosen tools and 

strategies on the one hand and on the specifications of the connecting elements and the joining 

zones on the other hand. Simulations help to support, control, evaluate and optimize the processes 

[3]. This article focuses on the evaluation of milling strategies for machining continuously 
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reinforced materials, the effects of the strategies on tool wear, and the quality of the machined 

surfaces and the milling preparation of areas that are necessary to increase the efficiency of hydro-

bulged joints. 

Milling Strategies for Continuously Reinforced Materials 

Milling operations always offer a number of options. After a detailed process analysis, apparently 

similar looking options often show large differences that affect tool wear and machining quality 

without changing process duration. Milling strategies must be adapted to workpiece and material, 

which is especially difficult, when two different materials are combined in a composite material. 

Continuously reinforced extruded profiles are an attempt to create new lightweight and highly 

resilient structures, but the combination of a light metal matrix material with endless wire-like 

reinforcing elements, offers new challenges for the machining technology. Referring to the 

machining of boreholes, circular milling has generally proved to be an adequate alternative to the 

conventional drilling process [4]. In addition to the right choice of tool shape, substrate and coating 

as well as adapted cutting parameters for macroscopic inhomogeneous composites a modulation of 

the milling strategy can be relevant for tool life. Measurements have shown that the mechanical load 

on the tool is significantly higher while cutting the reinforcing element than during the machining of 

aluminum matrix material [5]. Depending on the milling strategy, part of the minor cutting edge and 

part of the major cutting edge of a single edge milling tool, are stressed differently. The effects 

become clear when taking a closer look at a case differentiation. 

 

A view from the spindle of a three-axis machining center in direction of the workpiece allows an 

easy explanation of two different strategies. To specify the position of the tool when machining the 

workpiece in 2D-drawings, depth levels are defined along the borehole axis. The gap between tool 

and workpiece prior to the machining operation is defined as a positive z value. When just touching 

the surface of the workpiece the z value is zero, going further the z value becomes negative. The 

whole workpiece has a thickness of t = 5 mm, the reinforcing fiber has a diameter of d = 1 mm in 

this example and is located in the middle of the profile. Therefore, the reinforced area lies nominal 

between z = -2 mm and z = -3 mm if the machining starts at z = 0 mm and the tool reaches the 

bottom of the profile at z = -5 mm. With an axial infeed of ap = 3 mm per helix, the tool moves 

along an arc of φ = 120° of its circular path projected onto the xy-plane, which is perpendicular to 

the borehole axis while the tool moves one millimeter further in z-direction. If the reinforcement 

fiber lies eccentric in a borehole, the infeed motion in the range of z = -2 mm to z = -3 mm can 

either be done in the area of the reinforcement or in the matrix material so that it is possible to 

position the load, acting on the tool, caused by the reinforcing fiber, exactly on selected parts of the 

major and minor cutting edges. Two different strategies have been object of experimental 

investigations: 

 

Strategy 1: The cutting of the fiber is done by both, the major cutting edge and the minor cutting 

edge. The exclusive machining of the reinforcing element by the minor cutting edge is not possible, 

but to make a difference between the two strategies, the machining of the fiber by the minor cutting 

edge is increased to a maximum while the stress on the major cutting edge is reduced to a minimum. 

Therefore, the infeed motion in the range from z = -2 mm to z = -3 mm, is done in the area of the 

reinforcement, causing high stresses on the corner of the tool. 

 

Strategy 2: The cutting of the fiber is exclusively done by the major cutting edge of the tool. In 

the range from z = -2 mm to z = -3 mm, where the reinforcement element is located, the infeed 

motion is done aside from the fiber in matrix material so the minor cutting edge and the corner are 

not getting in contact with it. Therefore, wear on the minor cutting edge and the corner must refer to 

the machining of aluminum only. 
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Fig. 2: Cutting the reinforcing element with major and minor cutting edge 

 

 

 
 

Fig. 3: Cutting the reinforcing element with major cutting edge only 

 

The two strategies are realized by a slight variation in the starting point. The milling process is 

started while the tool is in front of the workpiece and the starting point describes the positive space 

between tool and surface. After being placed concentric above the subsequent borehole the milling 

cutter moves radial in the positive direction of the x-axis. The starting position is marked in Fig. 2 

and Fig. 3 by the angle of φ = 0°. Afterwards the tool begins to move along the helical path until 

reaching the programmed depth. Therefore, the starting point determines the angle in the xy-plane 

that is reached when the tool starts to cut the fiber (z = -2 mm). 

 

When using strategy 1, the depth level of z = -2 mm has to be reached at an angle of φ = 30° so at 

a depth of z = -3 mm the angle is φ = 150° (cp. Fig. 2). When using strategy 2, the tool has to reach 

the depth level of z = -2 mm at an angle of φ = 210° (cp. Fig. 3). With an infeed of ap = 3 mm the 

angle at a depth of z = -3 mm is φ = 330° and the deepest point of the reinforcing fiber is undercut. 

The minor cutting edge is not involved in cutting the fiber. The experimental research was done 

with uncoated tools with a diameter of d = 5 mm to generate tool wear rapidly. The diameter of the 

boreholes produced was D = 8.5 mm. To analyze wear progression qualitatively referring to the 

influence of the machining strategy, major and minor cutting edge were analyzed under a light-

optical microscope in regular intervals. Selected pictures are displayed in an overview in Fig. 4. 
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In general, the wear progress turned out differently. While the contour of the minor cutting edge 

and the corner including the chamfered area remained in quite a good condition during the tests 

when using strategy 2, the minor cutting edge showed chipping after producing a few boreholes 

when using strategy 1. These chippings concentrated at the corner of the tool and due to the rough 

surface of the damaged regions, aluminum adhesion occurred. After producing 70 boreholes the 

differences were obvious. Strategy 1 caused massive chipping at the corner as well as on the minor 

cutting edge while the corner and the minor cutting edge were less significantly damaged using 

strategy 2.  

 

 
 

Fig. 4: Photographic images of the tool wear when using different milling strategies 

 

Strategy 1 is an attempt to reduce the stress on the major cutting edge, but it is impossible to 

avoid contact with the fiber. The feed motion in the range of z = -2 mm and z = -3 mm occurs in the 

area of reinforcement. During the progress of feed motion, not the entire fiber material is removed, 

so the major cutting edge completes the cutting on the following rotation on the helical track which 

causes wear along the major cutting edge due to surface disruptions. Hence, not only the massive 

chipping at the corner of the tool but also the damage along the major cutting edge has to be 

considered when rating the strategy.  

After producing a few boreholes with strategy 2, a damaged region was observed on the major 

cutting edge close to the corner. The rough surface was covered with aluminum due to adhesion. 

Further cutting operations led to an increased number of small bursts on the major cutting edge 

which took up the biggest part in machining the reinforcing element. In general, the contour of the 

major cutting edge remained quite well. Again, two regions were affected by wear. In addition, to 

the part of the edge close to the corner, which became rounded due to the small chippings 

mentioned above, there was a region in far distance to the corner that showed similar wear 

characteristics as seen in strategy 1.  

 

The high flank wear on the minor cutting edge as well as the burst of the corner were often 

reasons for early tool failure during past circular milling investigations [5]. The major cutting edge 

of the used tools has got a bigger wedge angle and therefore, a better stability of the edge so wear 

resistance is better according to chippings. The investigations concerning the use of different 

circular milling strategies when cutting continuously reinforced aluminum profiles indicate a close 

connection between tool wear and milling strategy. Besides the known influencing parameters of 

machining like cutting velocity or feed rate, there is an additional parameter to set when machining 

reinforced profiles. If the implementation of different strategies is possible, the variation of strategy 

may influence tool wear without changing process duration. In this case, strategy 2 would be far 
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more suitable for the machining operation described above than strategy 1 considering the wear 

characteristics of the tool. The mechanical impact during the machining of the reinforcing element 

is the main reason for the initiation of tool wear. The milling strategy needs to be adapted in a way 

that parts of the tool with low wear resistance, like the corner, are less involved in machining the 

reinforcing element and more rigid parts, like the major cutting edge, remove most of the hard 

material. The adaptation of the milling strategy will improve the quality of the borehole as well as 

the endurance of the tool.  

 

Milling of reinforced profile ends. To connect single profiles to an entire frame, it is necessary to 

finish the ends of the profile after cutting them to the right length. Again, the milling strategy is of 

major importance when cutting continuously reinforced material. To take advantage of the 

flexibility of the milling process, the same tools can be used in this peripheral milling application. 

Thus, non-productive time is reduced when different cutting operations have to be done to complete 

a workpiece. Due to the different mechanical loads generated in machining aluminum matrix 

material and steel, surface imperfections occur at the workpiece. The analysis of the surface by use 

of a confocal whitelight microscope reveals the topography as shown in Fig. 5. The produced 

surface is uneven. 
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Fig. 5: Surface unevenness when milling reinforced profile ends 

 

Single edge milling cutters with small diameter lack in bending stiffness due to their capacious chip 

flute. The tool is deflected radially when the reinforcement fiber is cut. A material wall builds up 

corresponding to the twist angle and the bending line of the tool. The height of the material wall is 

dependent on the cutting parameters. So if the bending stiffness of the tool used is low, surface 

imperfections can be reduced by choosing a combination of high cutting speed and small depth of 

cut as well as low feed rate.  

Preparation of Joining Areas by Milling 

The milling of lightweight aluminum connecting elements (nodes) and the preparation of areas for 

following joining methods is the second focus within this project. The difficulties in simultaneous 

five-axis milling and the combination with a simulation system that allows to noticeably reduce 

oscillations of long tools, to adapt the recent engagement conditions between cutting tool and 

workpiece, to harmonize the tool movement, and to provide a process-safe collision detection and 

avoidance, which have been described in [2].  

 

One aspect in machining nodes is the preparation of areas that help to increase the tensile and 

torsional strength between the node and a joined tube. Functional surfaces with specific surface 

roughnesses are relevant in several mechanical parts which are moving against another part (e.g. 
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bearings and axis, cylinders and pistons, gears) or fixed (e.g. sealing surfaces or force-fit and form-

fit connections). According to the strength of a joint, the surface quality of connected lightweight 

elements plays an important role for the resistance against tension, or torsion. 

Aluminum tubes and nodes can be joined using additional material (e.g. welding, soldering, 

bonding) or without (hydroforming, EMU, rolling in, Friction Stir Welding (FSW) to obtain a force-

fit, form-fit or adhesively joined connection. The main focus in this article is the preparation for 

surfaces that can be used for joining by dieless hydroforming. 

 

Exemplarily, Fig. 6 shows an aluminum node with adapters for joining three different tubes. Two 

tubes can be joined by welding; a third profile can be joined by hydroforming. There are two 

different basic ways of structuring a surface of a joining zone. The macro-structure allows the 

profile to fit into the structured areas of the node to increase the strength of the joint. The micro-

structure/surface roughness is important for a grouting between the inner and the outer part. 

Although the transition between both influencing factors is fluent, a measurable surface roughness 

(e.g. smaller than 50 µm) and a structure, which can have the form of a groove or a pocket and has a 

visible depth (e.g. greater than 0.1 mm), can be distinguished. Both factors have a particular 

influence on the strength of a hydroformed connection. Whereas the micostructure, according to the 

influence on the friction and the tangential stress between both joining partners, leads to a more 

force-fit based connection, macrostructured elements offer a high potential to increase the form-fit. 

To reduce the complexity of the workpieces for basic research, the necessary part of the node is 

substituted by a ring element (Fig. 6, right side). 

 

 
 

Fig. 6: Joining areas at an aluminum node (left) and substituted ring element (right) 

Joining by dieless hydroforming 

Joining by dieless hydroforming or hydro-bulging is one of the hydroforming processes and is a 

feasible process for manufacturing of tubular joints in lightweight frame structures [6]. The detailed 

description of the process principle for joining by dieless hydroforming (as indicated in Fig. 7), as 

well as more detailed experimental investigations on force-fit joints are explainend in [7] and briefly 

in the article “New Aspects of Joining by Forming of Tubular Workpieces” inside of this issue. This 

information could be summarized as follows: In a special fixture, the inner tube is inserted into the 

outer ring element. The hydro-probe is fed into the tube and the hydro-medium is set under pressure 

and directed into the gap between the hydro-probe and the inner surface of the tube. O-ring seals 

limit the length of the joint area and close the chamber in which the forming process takes place. 

After releasing the pressure, the tube-ring element recovers elastically but maintains the plastic 

deformation of the tube that has been produced during the bulging operation.  
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Fig. 7: Principle of hydrobulging 

 

Manufacturing of Lightweight Connecting Elements. The manufacturing of the pockets (not 

described in this article) and the specific layout of the surfaces on the ring elements has been 

produced by five-axis CNC machining on a Deckel-Maho milling machine (DMU 50 Evolution) at 

the Department of Machining Technology, University of Dortmund. This multi-axis machining 

concept has been chosen to provide a flexible possibility for an efficient process of these lightweight 

components and to fulfill the requirements of geometric accuracy and surface quality. The main 

focus was put on a finishing process with a reproducible roughness. The NC-data was generated by 

a common CAM-system as used for the manufacturing of dies and moulds. High process forces as 

they appear in machining of hard and hardened materials [8] were not expected for the surface 

finishing process of the outer ring so that a deformation of the thin-walled specimen could be 

excluded.  

 

To fulfill the restrictions of flexibility and efficiency, the use of standard tools is inevitable. Ball 

end mills with a diameter of 6 mm with a coating that reduces the adhesive behavior of the ductile 

aluminum alloy have been used to provide a high flexibility in covering a wide range of micro- and 

macro-structures with process-safe strategies. Ball end mills also allow producing small radii at the 

bottom of macro-structured pockets. If the radii of the tools are too small, machining time would 

increase and a process-safe manufacturing can not be guaranteed due to small flutes that limit the 

handling and transportation of the chips. The main difficulties in machining the inner areas of a ring 

segment are similar to the machining of cavities in die and mould industry [9, 10]. Collisions 

between the tool or the tool holder need to be avoided and the range of angles of inclinations, which 

also depend on the length of the tool and the tool holder, and the depth of the undercut of the joining 

area is limited (s. Fig. 6, right side). 

 

Micro-Structured Surfaces. Several variations of milling parameters (s. Fig. 9) have been carried 

out in order to find process-safe, repeatable strategies that allow manufacturing selective surfaces 

with a ball end mill with a diameter of 6 mm. To hold up the required flexibility, a wide range of 

parameters has been covered (Fig. 9). The average surface roughness Rz, as it is an internationally 

used and standardized value, has been used as criterion to describe the surface. All experiments 

were used without lubrication in order to evaluate economic, process-safe manufacturing 

parameters, contrary to the common use of a full floating coolant. The strategy that was chosen is a 

helix-based finishing process. The CAM-system generates the NC-data in a way that the ball end of 

the tool is milling the structure of the joining zone in a continuous, helical movement. This 

guarantees a constant quality of the surface and avoids time-consuming, idle movements of the tool. 

 

In a first step, visible damages of the surface were identified. Visible damages can be either 

blurrings (Fig. 9, right side) or tear-offs and lead to a significant detraction in categorizing the 

surfaces. An aggregation of blurrings can be identified as matt-shining spots in the manufactured 

surfaces. Measuring the average surface roughness Rz does not give a repeatable value to describe 

the quality surface in a reproducible way and it can be assumed that a blurred surface has an 

influence on the interlocking of the outer ring and the tube after the joining process that can not be 

clearly identified. The exposure that was made with a confocal whitelight microscope (type: 
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NanoFocus µsurf) demonstrates the irregular appearance of the damages which can result from 

temporary built-up edges [11] and chips that have not been directly forwarded through the flutes of 

the tool due to their adhesive behavior, which is supported by the dry milling process. A tool wear 

related change of the appearance of damages could not be detected during the experiments. 

 

 
 

Fig. 9: Surface roughnesses on milled ring elements 

 

It is known that aluminum alloys require high cutting speeds to achieve an adequate surface 

quality [12]. The specimens that were manufactured with the higher cutting speed of 

vc = 300 m/min showed a surface quality without visible damages and were selected as a basis for 

further investigations. When using a ball end mill, the variation of the angle between the tool and 

the surface also allows varying the effective cutting speed of the cutting edge that is in contact with 

the material. While the effective cutting speed at the tip of the tool is zero, it reaches its maximum 

when the maximum diameter of the ball end is in use. Therefore, a lowering of the angle of 

inclination increases this effective cutting speed and supports the needs for a reproducible process.  

 

The axial depth of cut (exemplarily shown in one set of parameters in Fig. 9, left side) is 

identified as the main influencing factor, whereas the radial depth of cut shows no significant 

influence. This corresponds with cognitions about the theoretical roughness from literature [13]. 

The measured values are similar to the calculated values. The real values are always a bit higher 

than the estimated values, but they approximate with increasing axial depth of cut. Smaller depths 

of cut (ap < 0.5 mm) lead to an increase of the difference up to 6 µm so that, for the demands of a 

precise description of higher surface qualities, a control by measuring is inevitable.  

 

In a next step the manufacturing of the inner surface of the ring elements was transferred to an 

exemplary preparation of tubes on the outer surface for three different surface structures. The ring 

elements were left unmanufactured and after the hydro-bulging process the tensile strength was 

tested on a ZWICK tensile testing machine (type 1475) to verify the quality of the joint. The results 

of the tests can be seen in Fig. 10. 
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Fig. 10: Tensile strength of surface-structured tubes 

 

It is obvious that the roughness of the surface has an influence on the tensile strength of a hydro-

bulged connection between a surface structured tube and a non-structured ring element. The higher 

the manufactured roughness gets, the stronger becomes the joint. This results in the assumption that 

a rougher surface is helpful for an increase of the grouting between inner and outer part and 

therefore supports the resistance against a tensile load. While a non-structured cylindrical joint 

prepared by drilling with an average surface roughness below Rz = 5 µm has a disrupting force of 

2.45 kN (not included in Fig. 10). The use of a tube that has a roughness of Rz = 15.9 µm leads to 

an increase in strength of 60 %. A tube with a surface roughness of Rz = 25.5 µm needs a disrupting 

force of 4.6 kN to destroy the joint, which equals with an increase of 100 %. For further 

optimization of the strength of tubular joints it will be necessary to find out the maximum in the 

average surface roughness that still allows a grouting. If the depths between the milled lines become 

too intense, the ratio of contact area to total area would change and only the peaks of the surface 

would carry the load and would therefore reduce the strength of a connection. But up to a surface 

roughness of Rz = 25.5 µm, an enhancement of the strength of a joint is verifiable. 

Summary 

Tool wear and surface quality are affected by the milling strategy used in machining composites. It 

is possible to determine which part of the tool is stressed by cutting the reinforcing element and in 

some cases the load can be shifted to the most rigid part of a tool to increase endurance. Surface 

imperfections occur during peripheral milling operations due to a radial deflection of the tool. 

Stiffer tools and an adapted setting of the cutting parameters can improve the result. Simultaneous 

five-axis milling strategies allow a reproducible structuring of the surface of lightweight connecting 

elements in order to control and increase the tensile strength of joints manufactured by 

hydrobulging. Further investigations for the preparation of joining areas will be carried out to 

achieve a dedicate overlay between micro-structures and free-formed macrostructures and to 

characterize the influence of the tool geometry. The adequate use of tools and strategies for milling 

lightweight frame components reduces tool costs and to increases economic efficiency of the 

process as well as the quality of the products. 
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Abstract. Electromagnetic compression of tubular profiles with high electrical conductivity is an 

innovative joining process for lightweight structures. The components are joint using pulsed 

magnetic fields which apply radial pressures of up to 200 MPa to tubular work pieces causing a 

symmetric reduction of the diameter with typical strain rates of about 10
4
 sec

-1
. Since there is no 

contact between the components to be joined and the joining machine, any damage of component’s 

surface can be avoided. Friction stir welding (FSW) is a relatively new solid state joining technique 

and has been extensively developed for aluminum, magnesium, copper and titanium alloys as well 

as steels. The primal advantages of the process in comparison to conventional fusion welding are 

better mechanical properties, low residual stresses and distortion, and reduced occurrence of defects. 

In the present article, the influence of process and material parameters on the joint’s characteristics, 

material’s microstructure and the mechanical properties of electromagnetic compressed joints and 

friction stir welds using reinforced aluminum profiles is analyzed. The strength of the joint is 

determined by tensile tests. Finally, possible improvements of both techniques are outlined. 

Introduction 

The reduction of weight of motor vehicle body components is commonly reached by using 

lightweight materials and manufacturing processes which allow for thin-walled structures. However 

an indispensable requirement is the availability of suited joining technologies which provide high 

strength joints for the main structure of vehicles. A vast experience is available for conventional 

joining processes like welding, screwing, clinching, riveting and gluing, but they require a complex 

preparation of the joint before the joining process is performed. Furthermore reinforced aluminum 

profiles cannot be joined by conventional fusion joining processes. Joining by forming processes 

like electromagnetic forming and the solid state joining technique friction stir welding offer possible 

resorts since they have the potential to fulfill the requirement of strength while allowing for the 

employment of reinforced aluminum profiles. Especially for structural components made of 

reinforced aluminum profiles both processes are suitable and of increasing industrial interest. 

Besides this, composite materials or two non-weldable alloys may be joined. However, the influence 

of process parameters on the performance of the joints is hardly investigated and deeper knowledge 

about this relationship is necessary to establish electromagnetic forming in industrial production [1-

7]. Therefore, experimental investigations were made to evaluate both feasibility and capability of 

joining by both processes while varying the process parameters.  
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Process principle 

Electromagnetic forming. Electromagnetic forming is a high speed process using a pulsed 

magnetic field to form metals with high electrical conductivity such as aluminum. The energy 

density of a pulsed magnetic field is used for the contactless forming of a workpiece. Fig. 1 shows a 

schematic representation of the related joining process which concerns an electromagnetic tube 

compression. A tubular workpiece is placed coaxially inside a forming coil L. The coil is connected 

with a capacitor C and a switch, forming a RLC circuit. 

 

 
Fig. 1: Schematic representation of the process [1, 2]. 

 

After the capacitor bank has been charged with a desired energy it is suddenly discharged by closing 

a high current switch. The capacitor discharges a sinusoidal current which generates an alternating 

magnetic field in the coil. According to Lenz’s law, an eddy current is induced in the workpiece 

flowing in the opposite direction to its cause. The current as well as the magnetic field penetrate the 

workpiece wall but are inhomogeneously distributed due to the skin effect. The resulting magnetic 

pressure p(t,r,z) is determined by the energy density of the magnetic field outside Ho and inside Hi 

of the workpiece and can be calculated on the basis of the measured coil current by [8]: 

 

( )),,(),,(
2

1
),,( 22

0 ztrHztrHztrp io −⋅⋅= µ                                                                                   (1) 

 

The resulting pressure pulse acts in the radial direction on tube and tool coil (see Fig. 1). If the yield 

strength of the tube is exceeded, radial necking occurs. A joint produced by electromagnetic 

forming can be realized by compressing a tubular component on a mandrel. The force which takes 

effect on the mandrel’s surface by the impact of the compressed tube leads to an elastic or elastic-

plastic deformation of the mandrel. After this, the corresponding elastic recovery of mandrel and 

tube proceeds. If a full relaxation of the mandrel is prevented by the tube, a permanent pressure in 

radial direction is established. The load, which the joints can transmit, strongly depends on the 

process parameters. Of these, the charging energy and initial gap between components are the most 

important ones as they yield to different impact velocities of the components to be joint [8-12]. 

 

Friction stir welding. Friction Stir Welding is a solid state joining process, in which a cylindrical 

shouldered tool with a counterclockwise threaded pin is rotated at a constant speed (n) and inserted 

with a force (F) into the adjacent material of the two pieces of material. The pin’s length is slightly 
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less than the weld depth required and the tool shoulder should be in intimate contact with the work 

surface. Frictional heat is created between the wear resistant pin and the two work pieces, which are 

butted together and clamped onto a backing bar. The materials to be joined soften due to the 

generated heat, without reaching the melting point, and allow the pin to traverse along the joint with 

a certain feed (v). As the tool moves between the plates, the material is plasticized by the frictional 

heat at the front of the rotating pin and transported to the back. The joining of both plates is 

facilitated by severe plastic deformation in the solid state involving dynamic recrystallization of the 

base material [13-16]. Fig. 1 shows a schematic representation of the welding process. 

 

 
Fig. 2: Schematic representation of the friction stir welding process [17]. 

 

Several load components act on the welding tool during the joining process. An axial force is 

necessary to keep the correct vertical position of the tool relative to the materials surface. The lateral 

movement of the tool is accomplished by a force acting in the welding direction. Finally a clockwise 

torque is required to rotate the tool [13-16]. 

One of the most important advantages of FSW is the absence of the typical welding defects like 

porosity, solidification and liquation cracks. In general, FSW was found to produce a low 

concentration of defects and is very tolerant to parameter’s and material’s variations [13-16]. 

Materials and testing method 

Force fit joints. For the present experimental investigations aluminum tubes were 

electromagnetically compressed on mandrels at the Institute of Forming Technology and 

Lightweight Construction, University of Dortmund (Germany). The material of both joint 

components was AA6060. The outer diameter of the tube was 20 mm with a wall thickness of 

1 mm. In addition the gap between tube and mandrel was 1.2 mm. Fig. 3 shows a scheme of a test 

tube deformed by electromagnetic compression. The joining process was made with charging 

energies of 1.1 kJ and 1.5 kJ. 
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Fig. 3: Schematic representation of a test tube. 

 

In order to analyze the influence of the mandrel’s surface on the mechanical properties of the joint, 

the surface topography was altered by shot peening. As shot media Al2O3 with a mean diameter of 

20 - 30 µm (EKR320) and glass beads with a mean diameter of 20 - 30 µm (MJ550B) were used. In 

addition, the shot pressure was varied from 0.5 up to 1.5 bar. After that, the surface topography and 

the residual stresses after shot peening were determined in order to evaluate the effect of peening. 

The strength of the joints was determined by tensile tests using a universal testing machine Zwick 

1478 with a maximum force of 200 kN. The crosshead velocity was 2 mm/min. The quantities 

measured were the force and the relative displacement of the tubular component. 

In order to analyze the influence of the friction welding between the components to be joint during 

cyclic loading, several joints were cyclically preloaded and then tested by monotonously increasing 

loading. The cyclic preloads at swelling loads ( maxmin σσ=R = 0) were carried out in a 63 kN 

Instron (Fast-Track 8800) servo-hydraulic machine. The test frequency was 2 Hz. The maximum 

load was varied from 2 kN to 6 kN. The quantities measured were the force, the relative 

displacement of the tubular component, and the complete displacement of the test tube. The relative 

displacement of the tubular component was measured with a capacitive sensor (small measuring 

range with high resolution) and the complete displacement of the test tube was measured with an 

inductive sensor (large measuring range with low resolution). The experiments were stopped after 

10, 100 and 1000 cycles. 

 

FSW welds. For the present work aluminum butt welds in with austenitic spring steel 1.4310 (with 

a diameter of 1 mm) reinforced sheets of the alloy AA6060 were produced at the Institute for 

Machine Tools and Industrial Management of Technical University of Munich (Germany). The 

reinforced sheets had a thickness of 5 mm and a width of 55 mm. Both sheets exhibited 5 steel 

reinforcing elements. During the welding process the feed (v) was maintained constant by 150 

mm/min, but the rotational speed (n) was varied in 4 steps from 750 up to 1500 rpm. The welding 

process was carried out using two different pins with a length of 4.7 mm, one with a diameter of 4 

mm and the other with a diameter of 5 mm. A piece of each sample was extracted in order to 

determine the welding seam’s geometry and microstructure and the presence of welding defects 

(using micrographs).  

In order to analyze the deformation behavior in tensile tests, two specimens were taken out of each 

welded sample. Each sample for tensile tests had two reinforcing elements. The weld seam was 

located in each case in the middle of the sample and was perpendicular to the test direction. The 

tensile tests were carried out in a 100 kN Zwick machine with a crosshead velocity of 2 mm/min. 

Force and strain were measured. 

Experimental results 

Force fit joints. Fig. 4 left shows the correlation between peeing induced residual stresses in the 

mandrel and shot pressure for both shot media. The compressive residual stresses at the mandrel’s 

surface are strongly increased by shot peening. This increase is stronger in case of glass beads 
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compared to Al2O3 particles. The different impulses of the shot media at the same shot pressure are 

responsible for the higher plastic deformation of the mandrel’s surface in case of glass beads. Fig. 4 

right shows the correlation between roughness and shot pressure for both shot media. The roughness 

of the mandrel’s surface is strongly increased by peening at small shot pressure. A further increase 

of the shot pressure results in decreasing surface roughness. The findings are almost identical for 

both shot media. 

 

 
Fig. 4: Left: residual stresses at mandrel’s surface after shot peening. Right: roughness of the 

mandrel after shot peening. 

 

Inspite of the fact that the mandrel’s roughness after shot peening by different shot pressures are 

similar, the surface’s morphology shows substantial differences.  

Fig. 5 shows scanning electron surface micrographs of two mandrels, which were shot peened with 

glass beads (left) and Al2O3 (right) at a shot pressure of 0.5 bar. The difference between highest and 

lowest point is similar in both cases. However the resulting surface is clearly smoother after shot 

peening with glass beads than with A2O3 particles. 

 

   
Fig. 5: Surface of shot peened mandrels (air pressure 0.5 bar). Left: glass beads, 20 - 30 µm. 

Right: Al2O3, 20 - 30 µm. 

 

As shown by Fig. 6, the pull-out force increases with increasing shot pressure for both shot media. 

However this increase is rather weak in case of joints whose mandrels were shot peened with glass 

beads. On the other hand, the reachable pull-out forces of joints, whose mandrels were shot peened 

with Al2O3 particles at pressures of 1 bar or more, are more than twice as high as of joints with 

unpeened mandrels [12].  
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Fig. 6: Development of the pull-out force of joints with shot peened mandrels. 

 

Joints whose mandrels were shot peened with Al2O3 particles partially exhibit form fit in the contact 

area between tube and mandrel due to the shot peening induced surface morphology and therefore 

show higher pull-out forces than joints with unpeened mandrels. This effect leads to pull-out-forces 

which would have needed a charging energy of 1.5 kJ in case of unpeened mandrels [12].  

Fig. 7 shows as an example the force elongation curves of samples, which were cyclically preloaded 

with a maximum force of 4 kN in comparison with an as joint sample. An increase of the achievable 

pull-out loads after the cyclic preload can be observed.  

 

 
Fig. 7: Force elongation diagrams of cyclically preloaded joints. 

 

A distinct pull-out force cannot be recognized in case of the joint which was preloaded for 10 

cycles. The joint can transfer a maximal force of 15.2 kN, which corresponds to the tensile strength 

of the AA6060 tube. In case of a joint which was cyclically preloaded for 100 cycles, a pull-out 

force of 13.3 kN can be determined. At this point, the force decays drastically because both parts 

(mandrel and tube) start to glide on each other. After this a “seizing effect” occurs leading to slip 

between the two components, increasing ploughing effects and therefore to a maximum transferable 

load of 14.3 kN. Finally, the load drops down when both components are completely pulled off. The 

joint which was cyclically preloaded during 1000 cycles shows a pull-out load of 3.77 kN. 

Subsequently, the seizing effect occurs until the tube is completely pulled out of the mandrel. 
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Fig. 8 summarizes the development of the pull-out forces as a function of the maximum force and 

the number of cycles of preloading. 

 

 
Fig. 8: Dependence of the pull-out load on the maximum force and the number of cycles after 

preload tests. 

 

At all preload forces investigated, a severe increase of the pull-out force can be achieved. This is 

most pronounced at 4 or 6 kN, where the tube´s tensile strength was reached after 10 or 100 cycles, 

resp. At 2 kN the force seems to be too low in order to achieve a sufficiently high friction welding 

effect. At all preloading conditions the pull-out force is steeply decreasing at high numbers of cycles 

of preloading. This may be due to initiaton of fatigue damage. Therefore only a small gap between 

the positive effect of friction welding and the detrimental effect of damaging during preloading 

remains.  

 

FSW welds. Fig 9 shows micrographs acquired along the weld seam of specimens welded with 

rotational speeds of 750, 1000, 1200 and 1500 rpm, respectively and using a pin with a diameter of 

5 mm. All micrographs show cuts through the weld with viewing direction parallel to the pin axis. 

The weld seam is placed in the middle of the image and the welding direction is from right to left. 

With respect to the investigated welding parameters, the shape and morphology of the weld zone is 

parameter dependent. The reinforcement elements can only be observed on the right side of the weld 

seam (upper part of the images). This means that the reinforcement elements were pushed up on the 

right side and pulled down on the left side of the weld seam due to the thread contour of the welding 

pin. Furthermore the reinforcement elements were bended in the welding direction. In addition, steel 

splitters from the reinforcement elements and holes in the weld seam can be observed. The 

probability for welding defects decreases by increasing the rotational speed. Holes are hardly 

observable for a rotation speed of 1500 rpm. However the welding zone still shows steel splitters. 
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Fig. 9: Microstructure of weld seam welded with different rotational speeds and a 5 mm long pin. 

A: 750 rpm. B: 1000 rpm. C: 1250 rpm. D: 1500 rpm. 

 

Tensile tests were carried out on several samples welded with all four different rotational speeds. 

Fig. 10 shows the dependence of the ultimate tensile strength Rm on the circumferential speed 

determined from the rotational speed and the pin diameter for the both pin diameters. The 

achievable Rm increases with increasing speed. There is a slight increase of the strength at the pin 

diameter of 5 mm compared to 4 mm at low circumferential speeds which vanishes at about 320 

mm/s. Compared to the ultimate tensile strength of the matrix material in the initial T4 state, which 

was 160 MPa [18] a maximum of 140 MPa is reached. Therefore at high speeds overaging effects 

may be responsible for the reduced strength. At lower speeds the additional effects of the pores and 

the splitters of the wire lead to a more severe reduction of the strength. As the larger pin diameter 

leads to a better circulation of the matrix material at even lower rotational speeds it yields to a 

slightly higher strength. 
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Fig. 10: Dependence of the Rm on the circumferential speed and the pin diameter. 

Conclusions 

Electromagnetic forming. The mechanical properties of joints produced by EMF can be improved 

with mechanical pre or post welding treatments. The mandrel component can be shot peened in 

order to improve the achievable pull-out forces. During the shot peening treatment of the mandrel 

the shot pressure should be as high as possible. The shot media should be square-cut, in order to 

achieve form fit elements in the contact area between join partners. Joints can also be cyclically 

preloaded in order to improve the achievable pull-out loads. For this tube and mandrel must be of 

the same material. 

 

Friction stir welding. In the present work it was shown that friction stir welding gives the 

possibility to weld reinforced aluminum sheets. Since the microstructure, the presence of defects in 

the weld seam as well as the strength of welds results improved, welding with high circumferential 

and speeds seems to be favourable. However, welding imperfections like steel splitters from the 

reinforcement elements and holes in the weld seam were still found. Further research is needed in 

this area in order to improve the quality of welded components.  
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Abstract. One major objective of the Collaborative Research Center SFB/TR10 is the flexible and 

competitive production of frame structures which meet the requirements of lightweight design. The 

development of composite extrusion by embedding continuous reinforcing elements, like e.g. steel 

wires, in profiles during the extrusion process illustrates one approach to fulfill these conditions. To 

assemble such composite profiles, joining processes and strategies have to be developed taking into 

account the special composite material characteristics. In addition, the flexible production of light-

weight frame structures in small quantities generates more requirements on the joining technology. 

The feasibility of joining by forming has been carried out investigating experimentally both conven-

tionally extruded and reinforced profiles. Therefore, joining profiles to lightweight frame structures 

by both expansion and compression has been examined. The necessary forming pressure for the 

joining by forming processes was applied to tubular workpieces by a medium (hydroforming) and 

by a magnetic field (electromagnetic compression). Joints have been manufactured by these two 

processes to transmit axial loads either by force- or form-fit.  

Introduction 

Traditionally, industrial joining processes, which are largely thermal, can produce high quality joints 

in sufficient quantities. Within the SFB/TR10 new composite materials are produced by composite 

extrusion and are supposed to be joint to a frame structure [1]. In conventional extrusion processes 

for the manufacturing of reinforced extruded profiles composite billets are used. A promising alter-

native is the composite extrusion of conventional billets. Here, continuous reinforcing elements like 

wires are embedded in the aluminum matrix during the extrusion process by use of modified port-

hole dies. In porthole dies, which are used for the manufacturing of hollow sections, the mandrel, 

which forms the inner contour of the profile, is fixed by bridges. The billet material spreads in front 

of the bridges and flows through the material inlets. Behind the bridges it rejoins in the welding 

chamber. In the described composite extrusion process the bridges are used to supply the reinforcing 

elements. The tools are divided into three parts: the die, the supply element, and the sealing element, 

see also Fig 1. The reinforcing elements are fed from the outside and are deflected inside the tool 

towards the extrusion direction. In the welding chamber the reinforcing elements join the aluminum 

alloy. In the scope of research of the SFB/TR10 different types of metallic reinforcing elements 

were embedded and analysed concerning the resulting properties. The experiments focused on high 

strength steel wires with a tensile strength of approx. 2000 MPa. In current investigations the proc-

ess will be enhanced in terms of the embedding of composite wires, like Al2O3 fibres which are in-

filtrated in an aluminum matrix [2]. Nevertheless, if composite workpieces, like composite extruded 

aluminum profiles with embedded steel fibres, are supposed to be joined, welding processes are 

likely to be insufficient. Indeed, the melting temperatures of the embedding matrix (e.g. AA6060) 

and the reinforcing element (e.g. 1.4310) can differ significantly, making the manufacture of homo-

geneous joints using welding methods alone impossible. Joining by forming offers an attractive al-
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ternative solution to thermal joining because of its high potential to maintain the joint between em-

bedding matrix and reinforcing element. In addition, special requirements on the joint design must 

be fulfilled to achieve the aim of the SFB/TR10, which is the low volume production of lightweight, 

highly stressable and stiff frame structures made of tubes or profiles.  

 

 
Fig. 1: Tool for composite extrusion with continuous reinforcing elements and examples 

of manufactured cross-sections 

 

Therefore, a joint design must be carried out under comprehensive aspects to exclude suboptimal 

solutions. Furthermore, there are interacting partially conflicting requirements in the field of mate-

rial characteristics, design and production engineering which have to be considered as well [3]. To 

achieve feasible joint designs taking pre- and post-manufacturing processes, manufacturing time, 

and its cost into account as well, an intense and collaborative cooperation between the projects of 

the SFB/TR10 is mandatory.  

Generally, joints which are merely produced by forming processes are able to transmit e.g. axial 

loads by means of dominating force- (alternatively named as interference) or form-fit. In addition, a 

transmission of load could be proceeded by a combination of both mechanisms. If a very high en-

ergy is supplied, a so called magnetic pulse welded connection is producible as well by a high speed 

forming process [4]. This process will be neglected in the further description, as the article focuses 

on dominant force and form-fits. As dominating form-fit joints transmit a load partly by force-fit, 

the experimental investigations predominantly focussed on producing force-fit joints. Joining by 

compression has been done by electromagnetic forming; joining by expansion has been performed 

by a dieless hydroforming process. 

Joining by Electromagnetic Compression 

Electromagnetic forming (EMF) is a high speed process using a pulsed magnetic field to form 

metals with high electrical conductivity such as aluminium. Joining is the most common industrial 

application of the EMF-process. Due to the contact free forming process the joining of coated fuel 

pipes is an example of a feasible application. Furthermore, the joining of composite material as well 

as structural components is of an increasing interest. Especially for structural components made of 

aluminium alloys (with good electrical conductivity) the EMF-process is suitable and of increasing 

industrial interest.  

Process-Principle of EMF.As the energy density of a pulsed magnetic field is used for the con-

tactless forming of a workpiece, the resulting deformation is closely related to the electromagnetic 

properties. The process model (Fig. 2) can be described as an oscillating circuit which includes the 

capacitor C, the resistance R, and the inductance L of the pulse generator as well as the consumer 

load consisting of tool coil and workpiece, here a solenoid and a tube. After the capacitor bank has 
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been charged it is suddenly discharged by the closing of a high current switch. As a result, a damped 

oscillating current flows through the coil, generating a corresponding magnetic field. According to 

Lenz’s law, a current in the workpiece will be induced flowing in the opposite direction to its cause. 

Due to the skin effect the current is induced on the tube’s surface first. The magnetic field pene-

trates the workpiece wall in the course of the process’ progression. The resulting pressure pulse acts 

orthogonally on both the field strength and the induced current, i.e. in a radial direction on tube and 

tool coil, as Fig. 2 shows [8].  

In contrast to quasi-static forming processes, the pressure pulse in EMF causes high strain rate 

effects in the formed material [9]. The resulting magnetic pressure p(t,r,z) is determined by the en-

ergy density of the magnetic field outside Ha and inside Hi of the workpiece and can be calculated 

on the basis of the measured coil current, displayed in Eq. 1 and described in detail in [10]. 

( )2 2

0 a i

1
p(t, r, z) H (t, r, z) H (t, r, z)

2
= ⋅µ ⋅ −           (1) 

The calculated pressure distribution about time for the axial mid-position inside the coil is shown 

in Fig. 2. If the yield strength of the tube is exceeded, a permanent reduction of diameter occurs. 

Furthermore, a common and useful tool for forming operations by electromagnetic compression is a 

field concentrator or fieldshaper [9], which is placed into the gap between the tool coil and tube. 

 

 
 

Fig. 2: Process principle of joining by electromagnetic compression with a tool coil 

 

The purpose is, on the one hand, based on handling operations before and after forming and, on 

the other hand, to influence and concentrate the magnetic field’s dilation respectively. In case of a 

setup with a fieldshaper the above described process principle is modified as follows:  

Process-Principle of EMF Using a Fieldshaper. As known from the setup with a direct acting 

tool coil, a sudden discharge of the capacitance causes a damped sinusoidal current in the tool coil, 
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which correlates to a strong magnetic field. This magnetic field induces a current in the fieldshaper. 

Due to the skineffect this current circulates in opposite direction to the coil current at the outer sur-

face of the fieldshaper and in the same direction as the coil current at the inner surface of the field-

shaper (the so called concentrating area (compare Fig. 3)).  

 

Fig. 3: Arrangement and operating mode of a fieldshaper in a toolcoil [11] 

 

In most cases this inner surface is significantly smaller than the outer surface; therefore, the cur-

rent density in this case is much higher than at the outer surface. According to the magnetic field in 

the gap between the fieldshaper and tube, a current is induced in the workpiece in the region of the 

concentrating area. If this current is closed, it shields the magnetic field. As known from the setup 

with a direct acting tool coil, the energy density in the gap between workpiece and tool coil is much 

higher than the energy density within the tube. In comparison to the setup with a direct acting tool 

coil, the efficiency coefficient of the process declines if a fieldshaper is used. This is evident be-

cause the extra gap volume between tube and fieldshaper has to be filled additionally with a mag-

netic field. Furthermore, the calculation of the course and the distribution of the magnetic field, and 

therefore also of the magnetic pressure, is much more complex and should therefore be performed 

using a simulation tool. However, the energy density again equates a magnetic pressure perpendicu-

lar to the magnetic field which causes the workpiece deformation [8].  

Joints Made by EMF. In general, joints produced by electromagnetic tube compression can 

transmit forces by dominating force-fit or dominating form-fit. The strength of interference-fits 

manufactured so far is strongly depending on the area of the contact zone, the friction coefficient, 

and the remaining interference stress in the contact zone. While the first two aspects directly influ-

ence the strength of the joint, the last one effects the strength via material parameters like yield point 

and Young’s modulus as well as on the geometrical stiffness of the parts to be joined [13].The con-

striction velocity of a tube being compressed (measured by a light shadowing method) as well as its 

mass determines the kinetic energy at the moment of impact and, therefore, the force which takes 

effect on the mandrel. Assuming a massive mandrel first, during this deformation process the tube is 

deformed plastically and the mandrel’s deformation remains purely elastic [12]. After a decrease of 

the forces a corresponding elastic recovery of mandrel and tube occurs. If a full relaxation of the 

mandrel is prevented by the tube, a permanent pressure in the joining area (in the radial direction) is 

established. This pressure is a balanced condition of the mandrel’s stress relief, on the one hand, and 

the resulting stress (caused by the elastic recovery of the mandrel) in the tube, on the other hand.  

In Fig. 4, the influence of the compression velocity (determined by the charging energy) and the 

ratio of inner and outer mandrel’s diameter on the strength of the joints are presented.  

Using hollow mandrels with variable inner diameter at a constant outer diameter, the ratio of inner 

and outer diameter of the mandrel Q=Di /Da has been defined as a representative value. The influ-

ence of Q on the push-out force has been experimentally examined by Bühler / v. Finckenstein [14]. 

They identified three characteristic areas for joining a copper tube onto a steel mandrel by EMF, as 

displayed in Fig. 4. Recent investigations proved the transferability of these results to aluminum 

alloys as well [13]. 
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Fig. 4: Influence of the compression velocity and the ratio of inner and outer diameter on the push-

out force in principle 

 

Joining of Composite Extruded Profiles. The compression velocity (depending on the pressure 

pulse and the gap a0, see Fig.4) plays a decisive role in the joining process. Selecting a suitable gap 

a0 between mandrel and tube depends e.g. on an allowable diameter reduction of the tube. To de-

termine the reduction limit of the composite extruded tubes, several composite extruded tubes of the 

same batch have been electromagnetically compressed. Taking the forming behaviour of composite 

extrudes tubes into account; an experimental setup was used consisting of a forming machine, a tool 

coil, fieldshaper and a composite extruded tube. This setup was used for both compressing the tube 

without a mandrel and for the joining process.  

The charging energy, and therefore the resulting pressure pulse, was increased stepwise from 

sample to sample. By increasing the acting pressure pulse the resulting radial displacement was in-

creased as well. The axial contour after forming was determined with a Zeiss coordinate measuring 

machine (Prismo VAST 5 HTG). As expected, an increase of the charging energy, and therefore of 

the pressure acting on the tube’s surface, leads to a higher deformation degree of the tube. In addi-

tion, there is a slight increment of the deformed zone’s length so that a clearly recognizable elonga-

tion of the tube occurs. The axial elongation of the tube causes at first a detachment of matrix and 

reinforcing element. Along with a continuing reduction of the diameter, necking of the reinforcing 

element occurs.  

Fig. 5 displays micrographs made from a sectional cut in longitudinal direction of the tube’s axis 

as well as in cross direction. Detachments as well as necking of the reinforcing element are clearly 

recognizable in the micrographs. Furthermore, the weld seam, which is determined by the extrusion 

process, is damaged by the forming process so that crack propagation is initialized. 
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Fig. 5: Interface characteristics of matrix and tube after forming 

 

Force-Fit Joining of Composite Extruded Tubes. Taking the above mentioned results into ac-

count, a suitable process window for joining composite extruded tubes by EMF can be deduced. 

Targeting a faultless interface between matrix and reinforcing element, a diameter reduction of 

2 mm (7.4 %) seems suitable for joining. Finally, manufacturing of common dominating form-fit 

joints, where the tube is formed into distinct large grooves, has to be excluded as well because of 

high local strain of the tubes material.  

Manufacturing sufficient joints remains still possible, but an adaptation of the joining partner de-

sign is binding. Considering a feasible strength a diameter ratio of Q  = 0.7 (see Fig. 4) was manu-

factured (Di = 24 mm; Da =34 mm). The parameters of the joining process were chosen guarantee-

ing that the inner joining partner was compressed merely elastically, which is indicated in Fig. 6.  

 

 

Fig. 6: Experimental results of joining and testing of an exemplarily force-fit joint with composite 

extruded tubes 
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The joint’s strength was determined on a Zwick tensile test machine by pushing out the mandrel. A 

maximum transferable load of 40 kN was evaluated. 

Form-Fit Joining of Composite Extruded Tubes. As discussed before, the implementation of a 

dominant form-fit joint by forming composite extruded tubes onto a grooved mandrel is possible, if 

the groove depth is adapted to the forming behaviour because of the limited allowable deformation 

of the composite extruded tube. Therefore, the inner joining partner was machined by cut knurling 

so that a rough surface with many grooves or corrugated surface respectively was manufactured. 

The maximal depth of the grooves was limited to 500 µm so that a maximal reduction of 1.1 % 

could occur. After that, composite extruded tubes were joined with such mandrels and tested by 

pushing out the mandrel. A maximum transferable load of at least 70 kN was determined, as dis-

played in Fig. 7. In spite of the fact that the tube’s forming velocity is very low because of the small 

initial gap a0, the achievable push-out forces can be significantly improved by employing mandrels 

with a cut knurled surface. 

 

 

Fig. 7: Experimental results of joining and testing of cut knurled mandrels 

Joining by Dieless Hydroforming 

Investigations which are describing the joining by dieless hydroforming in this chapter have been 

done using conventional extruded tubes (without reinforcing elements) made of aluminium 

AA6060. Taking the process of dieless hydroforming into account, the pressure acts locally under-

neath a certain joining area instead of pressurizing a complete semi-finished part, as used in conven-

tional hydroforming processes of tubes and sheet metal. The joining area is pressurized by a special 

joining tool, introducing it as hydro-probe. The hydro-probe is inserted into the tube, after that the 

working medium, which is set under pressure filles the gap between the probe and the inner surface 

of the tube. A sealing is limiting the joining area in circumference as well as in longitudinal direc-

tion. 

Process-Principle of Joining by Hydroforming. The process of joining by dieless hydroform-

ing can be classified into three characteristic phases, which are indicated in Fig. 8. In the first phase 

the tube will be expanded within the clearance’s (gap’s) limit, after that both parts (tube-ring) are 

expanding together until a maximal radial displacement is reached, which is determined by a related 

joining pressure (Fig. 8 a-b). The pressure ideally determines an elastic-plastic deformation of the 

tube, but a straight elastic deformation of the ring. Consequently, Kollmann [6] suggests for the 

manufacturing of shrinkage fits a maximum plastic deformation of approximately 30% concerning 

the total cross section of the joining partner. After releasing the pressure both tube and ring are re-

covering elastically. Subsequently, the elastic recovery of the ring is prevented by the expanded 
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tube, as the plastic deformation remains (Fig. 8 c). Furthermore, the prevented elastic recovery of 

the ring results in interference fit between the joining partners (tube and ring). As known from the 

manufacturing of camshafts, the joining partners should be arranged with increasing yield points 

from the inner to the outer joining partner, if both joint partners possess the same Young’s-modulus 

[5]. Joining of aluminum and magnesium as well as the influence of maximum expansion under 

pressure, ring’s wall thickness, and initial gap on the joint’s strength have been briefly presented in 

[3] and more detailed discussed taking tools and repeatability into account in [15]. From an engi-

neering point of view the working parameters of the fluid pressure pf presents an important value for 

estimating the resulting joint’s strength. According to research work performed by Garzke [5], the 

values of interference pressures p, which is the stress in the contact area of tube and ring, can be 

approximately computed. 

 

 

Fig. 8: Process principle of joining by dieless hydroforming 

lo – overlapping length from O-ring to ring’s front end; lj – length of joining area 

 

The corresponding formula, which takes the influence of the mentioned working fluid pressure pf 
along with the joining partner design and material properties into account, is described in Eq. 2 as 

follows: 
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p  – interference pressure in N/mm

2
, νi  – Poisson´s ratio of the tube material, 

pf  – working fluid pressure in N/mm
2
, νo  – Poisson´s ratio of the ring material, 

Rei  – elastic limit of the tube material in N/mm
2
, Qi  – diameter coefficient of the tube Qi = di /do , 

Ei  – modulus of elasticity of the tube material in N/mm
2
, Qo  – diameter coefficient of the ring Qo = Di /Do. 

Eo  – modulus of elasticity of the ring material in N/mm
2
,  

 

The calculated interference pressure p is a regularly distributed, tangential mean value, which has 

been derivated assuming plane stress, maximum shear stress criterion, and ideal plastic material. 

Force-Fit Joining of Extruded Tubes. Therefore, the real distribution of the tangential strain in 

the joint after the joining process could not be indicated. Furthermore, buckling of the rings occurs 

so that a barrel-like shape of the ring results. Experimental investigations have been carried out to 

detect the developing shape during the joining process and the causal tangential stress as well as its 

64 Flexible Manufacture of Lightweight Frame Structures



 

distribution in axial direction on the ring’s surface after the joining process. Tests have been done 

using ARAMIS by gom, which is a non-contact optical 3D deformation measuring system. Starting 

with the first recorded image, which represents the initial, undeformed state of the ring ARAMIS 

compares following digital images and stepwise calculates the displacement and deformation of the 

ring. As the system operates with two independent cameras, it is particularly suitable for three-

dimensional deformation measurements under static and dynamic load in order to analyze deforma-

tions and strain during the joining process. Fig. 9 displays the major strain and its axial distribution 

after the joining process on the ring’s surface.  

As a result of the overlapping lenght lo, the ring’s front end, whose position is indicated as area I 

in Fig. 9, applies a pressure radially against the tube’s wall, introducing it as rim stress. Conse-

quently, a major strain in this area is determined as negative, whereas another major strain between 

the O-ring sealings, indicated as area II, remains positive. Subsequently, this determines some re-

quirements for both process guiding and process design. Taking the process design into account, the 

length of the ring and joining length lj should be designed equally at best in length to avoid buckling 

and an unregular axial distribution of major strain as well as causal rim stress. Therefore, the over-

lapping length lo should be designed as small as possible. Consequently, process guiding has to be 

designed so that an accurate positioning of the hydro-probe (and therefore of the sealing) is guaran-

teed. 

 

 

Fig. 9: Optically measured distribution of major strain on the ring’s surface after joining 

 

Form-Fit Joining of Extruded Tubes. Furthermore, joining could be done by forming the tube 

into a grooved ring. Designing feasible grooves offers a wide range of appropriate groove shapes. 

Basic experimental investigations have been done to carry out the influence of the groove’s shape 

on the joint’s strength. As indicated in Fig. 10, groove shapes have been manufactured according to 

basic geometrical layouts, which are in detail round (R), trapezoid (T), rectangular (RE), and trian-

gle or v-shaped (V). To evaluate comparable results in terms of the joining quality, groove length, 

groove width, and radii of the groove’s edge were machined in the same way. Moreover, process 

parameters like the ring’s expansion during the joining process as well as the material of tube and 

ring were identically used for the experimental investigations.  

The maximal transferable load was determined by tensile tests on a Zwick Z250. To identify the 

quality of the form-fit joints, the acceptable load of a cylindrical (C) force-fit joint was chosen as a 

reference. Consequently, the final shape of the tube section, which was formed into the groove, was 

investigated as well. After joining was finished, cutouts were machined to evaluate the quality of the 

manufactured shape of the tube’s section. Both axial load and final shape are indicated in Fig. 10 in 
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comparison to the groove’s shape. As expected, according to the publication of Dudziak [16], small 

radii were not produceable by the applied pressure, which was increased during the joining process 

until elastic deformation of the ring occurs.  

Taking the applied pressure into account, the elastic deformation of the outer ring determines a 

process limit for manufacturing both force- and form-fit joints. Furthermore, a pre-damaging of the 

tube by the manufacturing of a form-fit joint, e.g. caused by a cut of the grooves edge, was not de-

tactable. Subsequently, taking rectangular grooves (RE) into account, resistance against axial load is 

dominantly caused by the form-fit. Evidently, this is due to the very small area of contact between 

tube and ring, as indicated by the micrograph in Fig. 10. If an axial load is applied to the joint, fail-

ure proceeds by bending or pushing of the tube’s wall backwards to its initial geometry. The bend-

ing momentum is applied at the groove’s edge. If the groove edge is rounded (R) or chamfered (T), 

the contact situation changes from point or line contact to an area contact situation. Consequently, 

slipping of the tube’s wall about the grooves edge and shoulder occurs more evident, which leads to 

less resistance against axial load. Taking v-shaped grooves into account, a stabilization of the joint 

could be generated by the opposing groove’s shoulder, which then leads to a higher resistance 

against deformation.  

 

 

Fig. 10: Quality of form-fit joints taking different groove shapes into account 

 

Form-fit joints are able to resist higher axial loads compared to force-fit joints. Besides the 

grooves geometry its shape is a major influencing factor on the joint as well. The shape determines 

the maximum load as well as possible points at risk from corrosion, if tube’s material is not prop-

erly formed into the groove.  

Taking corrosion into account tube’s material is formed into rounded grooves (R) at best, which 

leads to minor risk of corrosion. In addition, tube’s material was not properly formed into the other 

investigated groove shapes. This leads to higher risk of corrosion due to gaps between the tube and 

the ring in which fluid e.g. water could remain after joining. As a result, corrosion proceeds in these 

cases from the inside to the outside. Because corrosion starts from inside the joint both appearance 

and development is hardly to detect. 
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Summary and Outlook 

In this paper, the processes of joining by compression - using an electromagnetic pulsed pres-

sure - and by expansion - using a quasistatic high water pressure - of aluminium profiles have been 

described.  

At first, the forming behavior of composite extruded tubes, compressed by electromagnetic form-

ing has been analyzed, taking material characteristics e.g. the forming behaviour into account. The 

allowable forming limit of the composite extruded tube which is important for selecting feasible the 

joining parameters was finally limited by crack initiations in the profile. Furthermore, dominating 

force-fit and form-fit joints have been exemplarily manufactured considering the low acceptable 

deformation of the composite extruded tube. As a result, the pull-out forces could be increased from 

40 kN in force-fit joints to 70 kN in form-fit joints in a first step.  

Future investigations have to be conducted in the extrusion process as well as in the joining proc-

ess. The composite extrusion process will be further improved in order to produce composite ex-

truded profiles with an increased number of reinforcing elements along with a smaller wall-

thickness. In addition, the forming limit of composite extruded tubes has to be increased as well. 

Investigations on the joint design have to proceed as well. For instance, if cut knurling is used, ef-

fects on the joint under cyclic load focusing on crack initiation need to be investigated. As cut-

knurling is one surface for increasing the joint’s strength 

 

Thereafter, joining of tubular workpieces by dieless hydroforming seems to be feasible as well. 

Joints produced by this process are able to transmit high axial loads. Positioning of the tool remains 

a major objective for introducing this joining process into manufacturing, targeting a homogenous 

expansion of tube and ring. Unsuitable positioning determines inhomogeneous expansion of the 

ring, which leads to an irregular development of the interference stress in the contact zone between 

tube and ring. Furthermore, the geometric shape of the expanded ring occurs barrel-like, which has 

to be considered in future investigation, if parts of more geometric complexity like nodes are joined. 

As a major process characteristic is the very small necessary degree of deformation for producing 

force-fit joints, the process seems suitable for further investigations, taking the joining of composite 

extruded profiles into account. At present, joining of profiles without a round cross-section remains 

difficult due to sealing and leaking challenges related to the tool design so that further development 

is needed here.  

Furthermore, joining of profiles with a small forming limit like the composite extruded tubes de-

termines more investigations targeting higher resisting loads. Consequently, effects of structuring 

the surface in micro- as well as in macro-scale on the joints quality need to be investigated. 
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Abstract 

On a global market, new products are subject to rising requirements regarding strength and quality. 

Simultaneously, the conservation of the environment and natural resources has become a key 

priority. One approach to these demands is the weight reduction of mechanical components by 

lightweight construction. The Transregional Collaborative Research Center (TR 10), funded by the 

German Research Foundation (DFG), is therefore working on the “Integration of forming, cutting 

and joining for the flexible production of lightweight space structures”. The use of light metals, like 

aluminium and composite materials is a main part in the TR10 process chain. This paper deals with 

the challenges of welding of light weight components made out of EN AW-6060. It shows the use 

and potentials of two innovative joining processes, particularly suited for welding aluminium. 

Especially developed for the fusion welding of aluminium components, BHLW (Bifocal Hybrid 

Laser Beam Welding), combines a Nd:YAG and a high power diode laser. The paper will give 

insight into the findings of the achieved results so far and line out the further proceedings with 

regard to critical parameters and their effect on the overall laser welding process. For the welding of 

aluminium composite materials, which play a big role in the TR10 process chain, Friction Stir 

Welding (FSW) is evaluated. As a solid state joining process, it can be used for the welding of 

materials that are hardly weldable with fusion welding techniques. In this paper, results of basic 

experiment for the joining of reinforced aluminium and the resulting process forces are presented. 

Introduction 

The continuing worldwide trend towards light weight construction has led to an increasing 

application of light metals like aluminium. This applies not only to the use of component parts. 

Aluminium is also more and more utilised in light metal welded structures. Particularly in the 

automotive and aeronautical industry, components and welded constructions made out of aluminium 

and its alloys are in high demand. This development has already led to a row of innovations in 

joining processes trying to overcome limitations regarding the weld ability of aluminium. Yet, many 

of these difficulties remain still unsolved and often complicate the use of aluminium structures in 

industrial applications. The Transregional Collaborative Research Center (TR 10), combining the 

research activities of the University of Dortmund, the Universität Karlsruhe and the Technische 

Universität München, works on the “Integration of forming, cutting and joining for the flexible 

production of lightweight space frame structures”. In this project, the focus of the iwb lies on 

joining technologies for the welding of aluminium extrusion components made of EN-AW 6060 by 

BHLW (Bifocal Hybrid Laser Beam Welding) and FSW (Friction Stir Welding). 

BHLW is investigated and developed at the iwb. Emphasising on investigating the inner 

procedures of the BHLW process and to improve the systems engineering, the first phase of the 

project, funded by the DFG was concluded successfully [1]. Future work packages will see to refine 

the welding process using novel laser sources and to integrate an online process monitoring system. 
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Including a process monitoring system will allow for gaining more process knowledge and securing 

the weld seam quality during welding of light weight aluminium structures. 

Friction Stir Welding (FSW) was developed in 1991 at The Welding Institute (TWI) in 

Cambridge [2] and is a solid state joining process. In this project, it is used for welding aluminium 

extrusion components which are reinforced by steel wires and are hardly weldable with traditional 

fusion welding techniques. 

Bifocal Hybrid Laser Beam Welding of Aluminium 

The experimental setup for the Bifocal Hybrid Laser Welding incorporates a 3 kW Nd:YAG laser 

and a 3 kW high power diode laser (HPDL), both integrated by one optical head and acting in the 

same process zone. During the first funded research period the diode laser was integrated in the 

optical head and the Nd:YAG laser was linked via a fibre optic cable. This resulted in a bulky 

optical setup with an inherent 25 % loss of power from the diode laser beam by attaching it via an 

optical fibre cable. Transferring both lasers via fibre cable would entail that the welding process 

could not work because of the lack of HPDL power. The specifications of the whole welding system 

are defined by the lasers and the optical system. Because of the HPDL transmitted directly with a 

beam parameter product (BPP) of 85 x 200 mm*mrad a rectangular focus (f = 150 mm) of 0.9 x 3.7 

mm can be generated. Unlike the diode laser the utilised Nd:YAG laser has a BPP of 25 mm*mrad 

transformed by a focussing lens (f = 150 mm) into a circular focus with a diameter of d = 0.45 mm. 

By adjusting the optical system the positioning of both foci is possible and offers beneficial welding 

effects [3]. In Fig. 1 a measurement of their power density distribution and the relative positioning 

of both laser foci are displayed. 

 

 
Fig. 1: The measurement of the intensity distribution of the HPDL superimposed by the 

Nd:YAG laser illustrates the relative lateral positions of the foci during BHLW 

 

Fusion Welding Characteristics of the Aluminium Alloy EN AW-6060 

The considered aluminium alloy in terms of extruded profiles of the EN AW-6060 (AlMgSi0.5) 

temper T66 demands the admixture of filler wire AL4046 A (SG-AlSi12) for welding to prevent hot 

cracks. During fusion welding some aluminium alloys tend to be susceptible to hot cracks 

generation [4]. Hot cracks weaken the welded joint by decreasing the tensile strength. As it could be 

seen in [4] the applicability of fusion welding to aluminium alloys depends a lot on the alloy’s 

individual composition. An alloy with a concentration of 0.5 % Si and 0.3 % Mg is most uneligible 
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for fusion welding [5]. Considering the composition of the used alloy EN AW-6060 the laser 

welding technique presented in this paper was mainly designed for laser welding of aluminium 

alloys tending to have hot cracks after fusion welding. Especially this certain aluminium alloy is 

deemed to be hardly weldable. 

BHLW joins the deep penetration effect of an Nd:YAG laser with the conduction mode welding 

of a HPDL. The beams of the lasers are superimposed in the process zone thereby inducing several 

synergetic effects. By virtue of the superposition the welding process differs in energy transfer 

efficiency compared to the individual welding processes. However it is not yet possible to explain 

this synergy by consideration of data already known. Welded joints of the aluminium alloy EN AW-

6060 by BHLW show a significant reduction of porosity independent of the used gas in comparison 

to the individual Nd:YAG laser welding. Process pores emerge in aluminium because of a repeated 

closure of the keyhole [6]. During BHLW processing it can be assumed that the rectangular HPDL 

spot assists the Nd:YAG laser process. Besides the reduction of pores inside the seam, the HPDL 

affects the quality of the weld seam surface. The positive effects of the HPDL welding concerning 

surface quality of weld seams demonstrate an advantage during BHLW [3]. 

In the course of the first phase of TR 10 a new optical head was developed. This optical head 

offers a more accurate lateral and vertical positioning of the laser foci relative to each other in 

contrast to the optical head used during the experiments conducted in phase 1. However, the 

execution of the experiments was constricted by the imprecise and limited adjustment of the foci 

positioning of both lasers. Consequently it is hardly possible to examine the effects of varying the 

relative position of the foci. An additional optical component enables the option for creating and 

varying the rectangular focal spot layout (Fig. 2a) of the HPDL which is essential to remove the 

oxide layer. In order to continue the research on the BHLW technique in terms of welding of 

aluminium structures the new possibilities for adjustments and more laser power will help to refine 

the investigations of the BHLW process. With the objective to substantiate the already existing 

results, experiments will be done by variation of the relative foci position of the foci in lateral and 

vertical direction (Fig. 2b, 2c) of two differently shaped laser spots.  

The influence of focal variations should provide an indication of the interaction with geometrical, 

material and process parameters. Varying joint geometries, e.g. butt and lap joints, will be analysed 

with regard to the following seam parameters: 

Joint geometry: 

• welding depth 

• welding width 

• cross sectional area 

Joint quality: 

• quality of the weld seam surface  

• imperfections  

• disposition of the filler wire 

• sensitivity to hot cracks generation 
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Fig. 2a, b, c: a) Various possible shapes of the HPDL focal spot. By varying the focal spot 

shape the welding process can be affected. b) relative displacement of HPDL and Nd:YAG focal 

spot in lateral direction. c) relative displacement of HPDL and Nd:YAG focal spot in vertical 

direction 

 

Since welding results depend not only on parameters of adjustment, but also on the specific 

parameters of the laser beam, experiments will be made with two different combinations of laser 

sources. The combination of a 3 kW Nd:YAG laser with a 6 kW HPDL or an 8 kW fibre laser with 

a 6 kW HPDL are imaginable. The deployment of the 6 kW HPDL will clarify the influence of the 

HPDL on the BHLW process. Thereby the influence on frontal oxide layer removal, magnification 

of the melt pool, welding depth, reduction of porosity and the homogenous disposition of filler wire 

can be continuously examined. Supplying two individual lasers via fibre optic cable to an enhanced 

optical head allows for a considerable weight reduction and reduced dimensions. 

 

    
Fig. 3: T-joint of round aluminium profiles (Ø 40 mm), a) joint geometry of the T-joint, 

b) modification of the thickness along the faying surfaces for welding 

 

This step will enable an application of the BHLW to weld aluminium structures. Working with 

spatial structures poses the general problem of reduced accessibility in beam welding resulting in a 

reduced angle of incidence of the beam. Due to the substitution of the Nd:YAG laser by an 8 kW 

fibre laser investigations regarding the work piece thicknesses will be possible. This is a step 

towards examining the welding of structural parts. Fig. 3 shows a T-joint of round profiles with a 
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diameter of 40 mm and faying surfaces prepared for laser welding. Alongside the cross section an 

increase of the welded thickness occurs. 

 

Process monitoring during BHLW 

Despite the exhibited raise in the quality of the weld seams, experiments showed that online 

surveillance of the process and as such assuring quality is still an issue at hand. Up to now the 

welding process of aluminium lacks the stability and continuity to allow for a straightforward use of 

online optical methods for melt pool observation and quality assurance. As the screen sequence in 

Fig. 4 a) demonstrates, the welding of aluminium with an Nd:YAG laser shows unstable 

characteristics. The images demonstrate the staggering lighting conditions during Nd:YAG laser 

welding. During BHLW of aluminium the lighting conditions of the welding process are in contrast 

quite homogeneous, as observed with a high-speed camera (Fig. 4 b)). 

 

 
Fig. 4: Screen sequences of a high speed camera show: a) Nd:YAG welding: luminosity of the 

process radiation shows fluctuation b) BHLW: luminosity of the process radiation is stable 

 

Since optical methods locate failures inside the weld seam by detecting process irregularities 

deviating from the process radiation during welding [7], an unstable welding process will 

complicate the analysis. In literature different optical methods using this principle for process 

monitoring can be found [7, 8, 9]. As the BHLW process shows homogeneous lighting conditions, a 

proper process monitoring should provide the potential to observe the process zone surface. In order 

to gain more information about the BHLW process, spectroscopic measurements will be done. 

Dimensioning for the process monitoring will be possible by analysing the spectroscopic 

measurements. The spectroscope measures the process radiation including the thermal radiation of 

the melt pool, the emissive element lines and the metal oxide molecule bands. When focussing a 

high power laser like an Nd:YAG laser or a fibre laser beam onto a work piece, the irradiance leads 

to a fast local heating and an intense evaporation of material. The evaporated material absorbs the 

laser radiation and generates the so called laser-induced breakdown, which means the plasma 

generation [10]. 
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Spectroscopic measurements were done for the individual Nd:YAG welding of aluminium alloy 

EN AW-6060. Therefore a spectrometer sensitive for the wavelengths 380 nm to 880 nm was 

utilised. Fig. 5 demonstrates the experimental set-up for the spectroscopic measurements. 

 

 
Fig. 5: Experimental set-up to measure the spectral intensity distribution during Nd:YAG 

welding with a spectrometer (λ = 380 nm – 880 nm) 

 

The collimating lens of the fibre coupled spectrometer was clamped to the bottom of the optical 

head and oriented towards the focal spot of the Nd:YAG laser. An additional high speed camera was 

implemented for documentation. 

 

 
Fig. 6: Spectrum during 3 kW Nd:YAG welding of EN AW-6060. A few of the elemental lines 

are indicated.  

 

The result is displayed in Fig. 6 showing the spectrum of the radiation of the melt pool and plasma 

plume during Nd:YAG welding. For the observation of the process zone the emissive element lines 

and the metal oxide molecule bands will interfere, because they are caused by the transitions inside 

the plasma. For dimensioning the monitoring system a wavelength band area should be chosen, 

where no emissive element lines are, otherwise the plasma plume will be considered. To create a 

suitable monitoring system it is necessary to carry out spectroscopic measurements and analysis for 

the 6 kW HPDL welding as well as for the Bifocal Hybrid Laser Welding. 
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Friction Stir Welding of non-reinforced and reinforced aluminium alloys  

As mentioned before, BHLS is a suitable joining process for the production of high quality seams in 

aluminium structures. Yet, it is only applicable for the welding of homogeneous aluminium alloys. 

Modern materials science often develops composite materials which are supposed to be superior to 

their respective base materials. In the TR10, such a composite material was created. It was 

developed and manufactured at the Institute of Forming Technology and Lightweight Construction 

(IUL) of the University of Dortmund. The base material is an aluminium alloy EN AW-6060 T4 

which is reinforced with six steel wires with a diameter of 1 mm (see Fig. 7). These wires are made 

out of a stainless, austenitic steel 1.4310 (X10CrNi18-8), which for example is used for pens or 

sheets in car production [11]. 

 

 
 

Fig. 7: Extruded EN AW-6060 T4 aluminium alloy with reinforcing elements 

 

The nature of this composite material makes it difficult to weld with fusion welding processes like 

BHLW, since it would combine two materials with considerably differing properties (in terms of 

density, melting point, absorption coefficient etc.) in one fusion zone. Furthermore, the forming of 

brittle intermetallic phases is not desired. Promising results are expected to be possible with solid 

state joining processes which are not as susceptible to different material properties. Because of that, 

Friction Stir Welding (FSW) is evaluated for the joining of this composite material. 

Friction Stir Welding is a solid state joining process, combining frictional and deformation 

heating to obtain defect free high quality joints. It is a modification of common rotary friction 

welding, but does not need the relative movement between the work pieces as joining is achieved by 

a non consumable rotating tool (see Fig. 8). This tool consists of two functional areas, the tool 

shoulder and the tool pin. The tool is forced into the join partners where the shoulder generates most 

of the frictional heat, and the welding is achieved by material transport around the tool pin. The 

material of the work pieces is not melted, and the temperature in the joint is kept below the liquidus 

line. The absence of a liquid phase during the joining process results in excellent weld quality 

without pores and low distortion. Drawbacks of this process are the high process forces which act 

upon the equipment and the joint partners. 

 

 
Fig. 8: Friction Stir Welding Process 
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The research on FSW of reinforced aluminium extrusion alloys seeks answers to the following 

questions: 

• How do the process forces react? 

• What happens to the reinforcing elements during the welding process? 

• Which consequences does this have for the strength of the joint? 

 

All experiments were conducted on a Heller MCH 250 high performance machine tool. The used 

tools had a shoulder diameter of 10 mm with a pin diameter of 4 and 5 mm. The length of the pin is 

4.7 mm. All welds are done with a tilt angle of the tool of 2° and a programmed plunge depth of the 

tool shoulder of 0.2 mm. 

 

Friction Stir Welding of non-reinforced Aluminium 

As mentioned before, the focus of this study is to weld extruded aluminium profiles, reinforced with 

steel wires. In order to successfully join this composite material it is necessary to know how the 

base material reacts during friction stir welding. Therefore the weld properties of the base material 

are explored beforehand. The base material is an aluminium extrusion alloy, EN AW-6060 

(AlMgSi0.5) tempered T4, with dimensions 56 mm x 5 mm. There are two reasons for preliminary 

weld experiments with the base material: 

 

• Finding a parameter window for the non-reinforced aluminium as a basis for weld 

experiments for the reinforced alloy 

• Documenting the process forces during welding in order to compare the forces with 

these occurring during welding of the composite material 

 

The varied parameters for these tests were the rotation speed of the tool and the welding speed. 

They were changed from 500 rpm to 1500 rpm and 100 mm/min to 300 mm/min respectively.  

To evaluate the process parameters, metallographic analysis was conducted for each weld. A 

cross section of a defect free and a flawed joint are shown in Fig. 9a and accordingly 9b. The weld 

joint in Fig. 9a was manufactured with a welding speed of 200 mm/min and a rotation speed of 

1250 rpm. The other cross section in Fig. 9b shows a joint welded with a rotation speed of 1500 rpm 

and a welding speed of 400 mm/min. These parameters led to a flawed joint very likely caused by 

too little heat input [12] resulting from the high welding speed. Cavities in the lower area oft the 

FSW-nugget occur in all welds with too little heat input. According to these results, the process 

window for further tests with reinforced aluminium components was set to a range of 750 rpm to 

1500 rpm and 100 mm/min to 200 mm/min. 

 

    
a)                                                                  b) 

Fig. 9: Metallographic cross section of friction stir welded aluminium without reinforcing 

elements a) without cavity b) with cavity 

 

During these preliminary tests, the downward force and the force in weld direction were recorded by 

the control system of the machine tool. Generally, forces tend to rise with colder welds. In the 

chosen parameter window, downward forces range from 2 kN to 5 kN, forces in weld direction lie 

between 0.3 kN to 1 kN. 
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Friction Stir Welding of reinforced Aluminium 

With the specified process window, butt joints of reinforced aluminium sheets were welded. The 

orientation of the steel wires in the aluminium sheets is illustrated in Fig. 10. It also shows how the 

reinforcing elements are deformed during welding. Regarding the surface of the welded parts, the 

reinforcing elements in profile 1 seem to be bent upwards and downwards in profile 2. This fact is 

supposed to be caused by the thread of the FSW-pin which creates a vortex of plasticized material in 

the weld zone.  

 

 
Fig. 10: Deformation of reinforcing elements during the welding process 

 

This is also observable in the top view of an FSW weld seam. While welding through the location 

of the steel wires, aluminium is pushed upwards and creates clearly recognizable bumps the surface 

(see Fig.11). 
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Fig. 11: Top view on FSW weld seam of reinforced aluminium alloy 

 

Fig. 10 also shows the layer of the micrographs, displayed in Fig 12. They were made by the 

Institute of Material Science and Engineering 1 at the Universität Karlsruhe as a part of the TR10. 

Both micrographs were taken in a depth of about two millimetres from the surface and include two 

wires. Because of the deformation mentioned before, only one half of the wires can be seen. The 

micrographs hold further information on what happens to the steel wires during the welding process. 

Fig. 12a and Fig. 12b exemplarily show two welds with different process parameters. The joints 

were welded with a welding speed of 150 mm/min and a rotation speed of 750 rpm and 1250 rpm. 

The welding direction and rotation of the tool are indicated with arrows. The influence of the 

rotation speed on the reinforcing elements can clearly be seen in these micrographs. At lower 

rotation speeds, the steel wires are deformed towards the weld direction which leads to cavities in 

the direct vicinity of the steel wires. At higher rotation speed, the tips of the wires are smashed into 
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little fragments which are distributed over the weld zone in the wake of the tool. This directly 

influences the mechanical properties of the joints. Further studies on these effects, including the 

determination of the tensile strength at different welding parameters, were done by the Institute of 

Material Science and Engineering 1 and are presented in [13]. 

 

                          
a)                                                                       b) 

Fig. 12: Micrographs of friction stir welded reinforced extruded aluminium, a) rotation speed 

750 rpm, welding speed 150 mm/min, b) rotation speed 1250 rpm, welding speed 150 mm/min 

 

As mentioned before, next to the mechanical properties, the effect of the steel wires on the process 

forces was investigated. These forces act upon the FSW machine and on the joint partners. For 

aluminium parts with sufficient backing, process forces can often be neglected. For more complex 

aluminium structures, which are considered in the TR10, process forces are of fundamental 

importance. Generally, downward forces during FSW are considerably higher than forces along the 

joint line [14, 15]. Fig. 13 shows representative downward forces and forces in welding direction 

during the welding of non-reinforced and reinforced aluminium sheets. The overall magnitude of 

the forces during welding is the same for both types of material. Yet, there is a big discrepancy in 

the curve progressions between plain aluminium and the composite material. The downward force 

reacts abruptly at the location of the steel wires, whereas the force along the joint line increases and 

decreases more gradually. The value of the force along the joint line during welding of composite 

material is always higher than for plain aluminium, whereas the downward force oscillates around 

the value during welding of the base material. 
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Fig. 13: Process forces during welding (rotation speed 1250 rpm, welding speed 200 mm/min) 

 

The weld experiments show that there is a relationship between weld parameters and process forces. 

As mentioned before, both forces tend to rise with colder welds. For the forces in the direction of 

750 rpm 1250 rpm 
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the joint line, it can be noticed, that force peaks rise for colder welds, whereas such a correlation can 

not be recognized for the downward forces. 

Conclusion 

The research work up to now demonstrated the feasibility of Bifocal Hybrid Laser Welding of 

aluminium alloys. It was shown that certain requirements of industrial manufacturing, e.g. a 

reproducible and stable process, are met by this technique. This paper aimed at presenting current 

and future work, concentrating on its further proceedings. The prototypical optical head will be 

substituted by a more compact design allowing new fields of application together with the 

integration of new laser technologies. The implementation of a method for process monitoring will 

underpin the already existing advantages of BHLW of aluminium alloys.  

For components that can not be joined with BHLW, like composite materials, Friction Stir 

Welding was presented to be a suitable alternative. The principle weldability of aluminium sheets, 

reinforced with steel wires could be shown. Furthermore, the relationship between process 

parameters and the process forces during FSW of reinforced aluminium was presented, which is a 

basis for adapting the process to join more complex aluminium structures. Future work will 

concentrate on extending the flexibility of the process, regarding the geometry of parts that are to be 

welded. Additionally, further experiments concerning weld quality and the resulting mechanical 

properties are planned. As a final step, these results will be used as a basis for experiments on the 

welding of aluminium with non-metallic reinforcing elements. 

 

Acknowledgements 

This paper is based on investigations of the Transregional Collaborative Research Centre 

SFB/TR10, which is kindly supported by the German Research Foundation (DFG). 

 

References 

[1] A. Trautmann and M. F. Zaeh: Prozesssicheres Fügen von Aluminium-Tragwerks-

strukturen mit einem hybriden, bifokalen Lasersystem. In: M. Kleiner, H. Baier, 

J. Fleischer, D. Löhe , K. Weinert, M. F. Zaeh, and M. Schikorra (Eds.): Integration von 

Umformen, Trennen und Fügen für die flexible Fertigung von leichten 

Tragwerkstrukturen, Fortschritt-Berichte VDI: Ergebnisbericht der Phase 1, Jan. 2003 – 

Dez. 2006, Duesseldorf, Germany, Reihe 2, pp. 153 – 181 

[2] W.  M. Thomas, International Patent 9,310,935. (1993) 

[3] A. Trautmann and M. F. Zaeh: Laser Bifocal Hybrid Welding of Aluminium. In: 

M. Kleiner, J. Fleischer, M. F. Zaeh and M. Schikorra (Eds.): Advanced Materials 

Research: Flexible Manufacture of Lightweight Frame Structures, 2006, Germany, Vol. 

10, pp. 65 -77 

[4] S. Huber, A. Trautmann and M. F. Zaeh: Bifocal Hybrid Laser Welding of Aluminium. In: 

A. Geiger, A. Otto and M. Schmidt (Eds.): Proceedings of Laser Assisted Netshape 

Engineering, 2007, Erlangen, Germany, Volume 2 

[5] M. Beckert and H. Herold: Kompendium der Schweißtechnik – Band 3: Eignung 

metallischer Werkstoffe zum Schweißen (DVS Verlag, Germany 2002). 

Advanced Materials Research Vol. 43 79



 

[6] A. Trautmann, S. Roeren and M. F. Zaeh: Welding of Extruded Aluminium Profiles by a 

Hybrid Bifocal Laser System. In: A. Geiger and A. Otto: Proceedings of Laser Assisted 

Netshape Engineering, 2005, Erlangen, Germany, Volume 1 

[7] B. Denkena; R. Kling, U. Stute, A. Moalem and T. Hesse: Quality control in laser welding 

with fast inline spectral analysis of the process radiation. In: F. Vollersten, 

C. Emmelmann, M Schmidt and A. Otto: Lasers in Manufacturing 2007, June 18.–22., 

2007, Munich, Germany, pp. 477 - 481 

[8] M. Dahmen, W. Fiedler, B. Regaard and S. Kaierle: Continuous process control during 

laser beam welding of small section Aluminium sheet. In: F. Vollersten, C. Emmelmann, 

M. Schmidt and A. Otto: Lasers in Manufacturing 2007, June 18.–22., 2007, Munich, 

Germany, pp. 471 - 475 

[9] J. Müller-Borhanian, C. Deininger, F. H. Dausinger and H. Hügel: Spatially resolved 

Online Monitoring during Laser Beam Welding of Steel and Aluminium. In: International 

Congress on Applications of Lasers & Electro-Optics, October 4.–7., 2004, San Francisco, 

USA 

[10] I. Radivojevic: Spectrochemical Analysis of Solid Samples by Laser-induced Plasma 

Spectroscopy. (Dissertation Technische Universität München, 2004, Munich, Germany) 

[11] EN 10088-1: Stainless steels – Part 1: List of stainless steels. Beuth, 2005, Berlin, 

Germany 

[12] Y. G. Kim, H. Fujii, T. Tsumura, T. Komazaki and K. Nakata: Three defect types in 

friction stir welding of aluminium die casting alloy. In: Materials Science and 

Engineering, Part A, 2006, Volume 415, pp.250-254 

[13] P. Barreiro, V. Schulze and D. Löhe: Influence of Process Parameters on Structure and 

Mechanical Properties of Joints produced by Electromagnetic Forming and Friction Stir 

Welding. In Advanced Materials Research: Flexible Manufacture of Lightweight Frame 

Structures, 2008, Germany 

[14] D. Eireiner: Prozessmodelle zur statischen Auslegung von Anlagen für das Friction Stir 

Welding. (iwb Forschungsberichte, 2006, Munich, Germany) 

[15] R. Johnson.: Forces in Friction Stir Welding of Aluminium Alloys. In: TWI Ltd. (Ed.): 

Proceedings of 3
rd
 International Friction Stir Welding Symposium, September 27.-28., 

2001, Kobe, Japan 

80 Flexible Manufacture of Lightweight Frame Structures



Optimization of the Die Topology 

in Extrusion Processes 

T. Kloppenborg1,a, M. Schikorra1,b, J. P. Rottberg1,c, and A. E. Tekkaya1,d  
1
Institute of Forming Technology and Lightweight Construction, Technische Universität Dortmund, 

Baroper Str. 301, Dortmund 44227, Germany 

a
Thomas.Kloppenborg@iul.uni-dortmund.de, 

b
Marco.Schikorra@iul.uni-dortmund.de, 

c
Jan.Rottberg@iul.uni-dortmund, 

d
Erman.Tekkaya@iul.uni-dortmund.de 

Keywords: Extrusion, topology, optimization 

Abstract. This paper presents the results of investigations on topology optimizations in extrusion 

dies. The change of material viscosity of finite elements in the numerical model is utilized to allow 

or to block the material flow through the finite elements in simplified two-dimensional extrusion 

models. Two different optimization procedures are presented. In the first part of the paper dead 

zones in a flat and in a porthole die were improved by enhance the streamlining of the extrusion die. 

In the second part an evolutionary optimization algorithm has been used to optimize the extrusion 

die topology in order to reduce the difference between the strand exit velocities in a multi extrusion 

process. Finally, both methods were sequentially combined. 

Introduction 

The commercial extrusion process is an important manufacturing method to produce profiles used 

in different applications, for example automotive and aerospace engineering. In recent decades 

especially the extrusion of materials with low density, such as aluminum or magnesium, became 

more interesting for the industry to reduce the weight of the components. Typical examples are car 

space-frames and similar structures where the main supporting elements are utilized for the 

stabilization of the entire structure. These components are often manufactured by extrusion; this is 

why extrusion is a successful application in lightweight structures. 

Die manufacturing for complex profiles is mainly based on expert knowledge in design, 

manufacture, and adjustment, which has been gathered over many decades and is mostly kept 

confidential by the manufacturing companies. Hence, the manufacturing process requires time-and 

cost-consuming trial-and-error experiments to achieve an optimized die design. In 1988, Akeret 

noted that die design and die correction is more an art than a science-based technology. The lack of 

quantitative models and rules regarding the control of the metal flow were a serious obstacle for a 

computer-aided design [1]. 

In recent decades the extrusion process simulation has been increasingly used to analyze the 

conditions which are not measurable, for example distribution of temperature, pressure, or material 

flow in complex and/or porthole dies [2, 3]. Hence, as a result of the revised numerical codes [4] the 

extrusion process simulation is just before being introduced in extrusion companies. 

Research and development centres like software developers and universities currently take a step 

further than the simple simulation of the process. They realized that the responses of the numerical 

calculations can be used for process optimization or, in fact, for process adjustment by optimization 

algorithms. Ongoing projects, for example, use parametric optimization for a defined control of the 

material flow by adaptation of the bearing geometry [5, 6]. Other works use a multi-objective 

optimization to improve the deviation of the effective strain as a measurement for the material 

quality, combined with exiting velocity optimization [7]. 

Contrary to previously published works on extrusion die optimization, this paper will focus on 

the simulation-based optimization of the die topology. A first approach is used to homogenize the 
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material flow in the die by improving the die geometry. Especially dead zones in the material flow, 

which occur in areas of acute angles or behind undercuts, have been reduced by a adjustment of the 

die streamlining. But the application in a multi-extrusion process leads to different exit velocities. 

Therefore, in a second approach the application of an evolutionary algorithm is presented, which 

was defined and developed for an automated free topology optimization of the extrusion die. The 

evolutionary algorithms are based on the idea of copying the Darwin-Evolution-Model. The 

evolutionary operations mutation, recombination and production have been used to generate equal 

strand exit velocities in a multi-extrusion process with a porthole die in a simplified two-

dimensional model. 

Model Setup 

Mesh Generation. There are two methods for mesh generation, Solid-Modeling and Direct-

Generation-Method in the used ANSYS software. Solid-Modeling creates a mesh on a solid 

geometry, implying the advantage that designs generated in CAD programs can be used to auto-

mesh the model. For this type of meshing, a meshing tool is needed which provides the needed 

discretization for the analyzed problem. The Direct-Generation-Method generates nodes and 

elements and thus, the mesh itself. The method requires knowledge about the model geometry and 

programming knowledge. The Direct-Generation-Method has been used to create the extrusion 

model. To simplify the meshing process and to reduce calculation time only two-dimensional 

models were considered (Fig. 1). They consist of four node quad elements with linear shape 

functions. To simulate a multi-extrusion process with a porthole die, a barrier in the center of the 

material flow before the die orifice was considered in a second model shown on the right front side 

of Fig. 1. 

 
 

Figure 1: Geometry and FE-model used for the optimization processes 

 

Material. The element type FLUID 141 was used for the extruded material, which is implemented 

in the ANSYS software. The extrusion has been adapted to the mechanical properties of 450°C 

preheated aluminum EN AW-6060 (Material-1) by adjusting the viscosity by means of achieving a 

die pressure of 200 MPa. Here, a viscosity of 10 kg/mms and a density of 2.7e-09 kg/mm³ were 

applied to simulate the extrusion of aluminum. During optimization another material (Material-2) 

was defined which represents die material with an extremely high density and viscosity to prevent 

material flow. Preheating conditions, heat exchange and the thermal evolution were not taken into 

account. 

Boundary Conditions. The nodes on the left border of the models are assigned to the inflow 

velocity representing the stamp and the extrusion direction. The border nodes of the top side and 

bottom side of the strands as well as the nodes on the die wall are assigned with a velocity of zero 

normal to the extrusion direction. Thus, the nodes of the die front surface are assigned with a 

velocity of zero in the extrusion direction, representing the front surface. No pressure is assigned to 

the nodes on the outflow. In the second model the nodes around the barrier are assigned with a 

velocity of zero to avoid material flow through them, analogous to a porthole die. 
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Manual Improvement of Dead Zones 

During the extrusion process the preheated material is pressed through a die to form the profile 

cross section. Depending on the complexity of the die geometry, areas of different flow velocity 

occur. The distribution is mainly physical-based by friction or sticking effects in the contact zone 

between extrusion material and die wall. Hence, there emerge areas where the material stops 

flowing, especially in acute angles or behind undercuts. These areas are called dead zones. In Fig. 2, 

the dead zones are shown for the initial design of the multi-extrusion process model. 

 
Figure 2: Example of dead zones in the material flow for the initial die design 

 

Manual Improvement Procedure. Due to the problems which are caused by the appearance of 

dead zones in extrusion dies an optimization of the material flow has been carried out. The 

optimization is mainly focused on the method of the topology optimization, friction effects were 

unaccounted. The objective of the optimization is to reduce the dead zones in the material flow. 

First, an initial numerical calculation with Material-1 in all elements is performed (Fig. 2). The 

material flow velocity in each element was identified to sort them according to value. Then the 

elements with less than 10% of the maximum flow velocity were selected and assigned to Material-

2. The extremely high viscosity of this material leads to a blocking of the material flow through 

these elements in the next calculation step (Fig. 3). The restart for the numerical calculation can be 

done manually. 

 
Figure 3: Process procedure to improve dead zones 

 

Results for the Flat Die. In a first calculation run a simplified extrusion model with a flat die was 

analyzed and than sequentially improved. The initial step was performed to identify the dead zones 

in the numerical model. As shown in Fig. 4, the dead zones occur in the upper and lower corner of 

the front surface. In optimization step 1 it can be seen that the material in the initial step shears 

along the corners at an angle of approximately 40°. The elements which have been changed from 

Material-1 to Material-2 are not considered further due to the low flow velocity. The angle increased 

in further steps due to the change in material flow conditions. The geometry of the die gets more 

streamlined during the improvement of the dead zones, but an ideal improved model without dead 
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zones could not be achieved. Hence, the uneven line along the element edges, which were changed 

in material, implements local dead zones in the changed models. 

 

 
Figure 4: Improvement steps in a flat die to avoid dead zones 

 

The shear angles of the manual improvement steps of the simplified finite element model are 

approximately concordant with experimental results of Hinkfort [8], as it can be seen in Fig. 5. 

 
Figure 5: Position and angle of dead zones [8] 

 

Results for the Porthole Die. To raise the extrusion model complexity, the dead zones of a 

porthole die were improved by four manual optimization steps. Within the loops between numerical 

calculation and improvement step the number of elements, which were blocked for flow reasons, 

increases (Fig 4). It is obvious that the barrier geometry changes during the optimization steps to an 

streamline-shaped geometry. In step 4, the design space limits the change of the barrier geometry, 

thus on the left hand side no more elements are changed in material. The dead zones in the corners 

of the front surface are optimized during step 1, 2, 3 and 4. In this area the die geometry is 

chamfered analogue to the results of the flat die. In step 4 it is shown that the material flow is 

divided into two different flows after passing the barrier. Furthermore, the barrier changes from the 

mostly symmetric shape in step 1 and step 2 to an asymmetric shape in step 3 and step 4. 
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Figure 6: Improvement steps in a porthole die to avoid dead zones 

 

The difference between the profile exit velocities increases with each improvement step. This can 

lead to production problems. Therefore a genetic algorithm is introduced in the second approach 

described in the next section. 

Optimization of the Material Flow by Reducing the Differences in Strand Exit Velocity 

For handling reasons and for subsequent processing it can be necessary that the manufactured 

profiles of the multi-extrusion process have been extruded with the same length. The difference in 

profile length is the result of different strand exit speeds during the multi-extrusion process. The 

adjustment of the die orifice, the individual position to the container centerline, and the different 

profile cross sections have, for example, an influence on the material flow, which can induce a 

difference between the strand exit speeds. Thus, a temperature gradient in the die can have an effect 

on the flow stress and, thereby, on the material flow in the feeders. The problems occur not only in 

multi-extrusion processes, but also during the extrusion of complex hollow cross sections if the 

profile thickness is different along the profile center line [5, 9]; here, for example unwanted bending 

or torsion effects can occur. 

In practice, these problems are eliminated by the use of expert knowledge in design and 

manufacturing and by manual adjustment of the die. In order to monitor the influence of the 

adjustments, time consuming and costly trial-and-error experiments are necessary. In contrast to 

this, a simulation-based optimization of the exit velocities in the orifice of the extrusion die is 

presented in the following. The objective of the optimization is to achieve equal exit velocities in 

the strands of the multi-extrusion process model. Before starting the automated optimization the 

design space, the design variables, the termination criterions, and the optimization algorithm were 

defined. 

Design Space and Design Variables. The design space is defined by the finite elements between 

the die orifice and the inflow of the material as shown in Fig. 2. The elements which are assigned to 

Material-1 and which are at the boundary of the die wall or in contact with Material-2 are defined as 

design variables for the next optimization run. The type of design variable is discrete; it can only be 

changed from Material-1 to Material-2. 

Fitness Function and Termination Criterion. The fitness of the individuals ”i” is evaluated by the 

difference of the averaged exit velocities at the nodes in the upper strand (vupper(i)) and the lower 

strand (vlower(i)). The objective of the optimization problem is to minimize the result of the fitness 

function. For a fitness value less than 0.1 mm/s the termination criterion is reached. 

 

|( ) | ( ) ( )upper lowerfitness i v i v i= −          (1) 
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Genetic Algorithm. Genetic algorithms are part of the evolutionary algorithms with the idea of 

implement a Darwin-Evolution-Model approach for process optimization. To achieve an equal exit 

velocity in both extrusion strands, the evolution operations mutation, recombination, and production 

have been used. For an individual of the start population, elements along the die wall of the multi-

extrusion process model are stochastically selected. For each selected element the immediate 

neighbor elements are selected additionally by a random number between 1 and 4 to produce noses 

along the die wall with different depths (Fig. 7) to change the material flow. All selected elements 

are assigned to Material-2. 

 
Figure 7: Definition to create noses in the material flow 

 

After creating the initial generation with a population of 10 individuals, the velocities in the strands 

are evaluated. Within the optimization the fitness value for each individual has been calculated to 

sort them according fitness. Next, the individuals are utilized for the classical genetic algorithm, 

using the genetic operations to find the children of the parent generation. The operations are 

sequentially applied on the 10 individuals. 

The algorithm runs as long as the population has not reached start population value (Fig. 8a). The 

classic genetic algorithm uses a random number between 0 and 1 to decide which operation should 

be conducted to find new individuals for the next generation. If the number is less than 0.6, a 

recombination of two parents is used. Thereby the geometry of the best two individuals is 

horizontally divided and then one half of both individuals is exchanged (Fig. 8c, recombination). If 

the random number is between 0.6 and 0.7, a mutation of the next individual is utilized. Thereby, a 

stochastic selection is used for a mutation of each nose of one individual by extending, reducing, or 

keeping the depth (Fig. 8c, mutation). The operation production is utilized when the number is 

larger than 0.7. The genetic operation production finds a new independent individual, as described 

for the start population. The probabilities to use recombination, mutation, or production have been 

taken from literature [10].  

 
Figure 8:  (a) Optimization program procedure; (b) Used classic genetic algorithm;  

(c) Examples for genetic operations 
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Results. The evolutionary algorithm is not deterministic. Due to this, it is possible to find 

different results for the same starting conditions. To study this, seven optimizations were conducted. 

The number of generations in every optimization run is representative for the convergence of the 

algorithm. In average, 9 generations with 10 individuals each, were needed to optimize the strand 

exit velocities. The scatter in the needed generations is extremely high between 3 generations in the 

second run and 15 generations in the seventh run. 

To compare the different extrusion die topologies, the optimized geometries of the first four 

optimization runs are presented in Fig. 9. It is obvious that the changes in geometry are very 

different to each other. As presented in Fig. 2, the upper strand velocity was higher than the lower 

strand velocity before optimization. In the optimized geometry of run 1, run 3, and run 4 the 

material flow in the upper feeder slows down due to the geometry change between barrier and 

container wall (A). The material flow is changed in the upper feeder, thus, an equal exit velocity in 

both strands occurs. In contrast to this, in run 2 the maximum velocity is 26 mm/s, which is much 

smaller than in the other results. Very small variations at the barrier and on the lower side of the 

container wall cause equal exit velocities. It can also be seen that in run 1, different from the other 

runs, material from the upper feeder now flows towards the lower strand. 

 

 
Figure 9:  Optimized extrusion die for different optimization runs 

Consecutively Combination of the Approaches 

In the previous parts the working principle of the topology optimization methods for optimizing 

extrusion dies were demonstrated. Finally, the algorithm intended to improve dead zones in the 

extrusion die and the algorithm intended to achieve equal strand exit velocities were combined. On 

the one hand, they can be used consecutively, for example by reducing the dead zones first and 

achieving the equal strand exit velocity afterwards. On the other hand, it may also be beneficial to 

use both optimization procedures alternately. This means that every new generation of individuals, 

which causes equal strand exit velocities, is improved by a minimization of the dead zones. In the 

following, the results are demonstrated exemplarily by optimizing the dead zones first and 

subsequently achieving equal strand exit velocities. 

Two manual optimization steps were applied to reduce the dead zones before the automated genetic 

algorithm was utilized to achieve equal strand exit velocities. It can be seen that due to the reduced 

cross section of the feeders the maximum velocity increases up to 56 mm/s. The maximum velocity 

occurs in both runs in the lower feeder (Fig. 10). 
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Figure 10: Results using a sequentially combined optimization 

Conclusion 

Methods for the optimization of dead zones and strand exit speeds by topology optimization of two 

extrusion dies are presented, analyzed and optimized using these methods individually or 

consecutively. The optimization method developed to avoid dead zones accounts for streamlined die 

geometries in the application of a flat and a porthole die on simplified two-dimensional extrusion 

models. The genetic algorithm to achieve equal strand exit velocities requires in average nine 

generations with 10 individuals for the topology optimization. Fore these simplified models every 

calculation has been done in a short time, but it has to be taken into account that for more complex 

geometries and three-dimensional models the calculation time can strongly. Therefore, aspects of 

parallelization of calculation will be utilized in the future. 
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Abstract.  
Lightweight extrusion profiles with reinforcement elements are promising news in the domain of 

lightweight construction. The machining of them suffers from several problems: Aside from the 

question of choosing a suitable tool, feed rate, and milling strategy, an excessive rise in temperature 

could lead to stress and even a distortion due to the differing thermal expansion of the 

reinforcement material and the surrounding matrix material. A simulation of the milling process 

could, in addition to force and collision calculations, recognize this case before manufacturing. 

For certain milling applications like seal surfaces, a certain roughness of the manufactured surface 

is necessary. In many other cases, a smooth surface of very high quality is desirable. Available 

simulation systems usually completely lack the simulation of dynamic effects, which have a great 

effect on the final surface quality, and therefore are not able to predict the resulting surface quality. 

In this paper simulation methods are presented that are capable of simulating the dynamic behavior 

of the tool in the milling process and the resulting flank and ground surface structures. 

Additionally, a fast temperature simulation for heterogeneous workpieces with reinforcement 

elements, which is based on the finite difference method and cellular automata, is introduced. 

Introduction 

Rising energy cost and the growing awareness of environment protection lead to a demand for 

weight reduction in fields like vehicle production and aerospace. At the same time, additional safety 

and comfort elements increase the weight. Lightweight construction elements are an important 

countermeasure while offering additional flexibility. This paper shows advantages in two different 

areas of simulation-based machining. 

To provide properties that are comparable to conventionally built products, the use of reinforcement 

elements, like steel wires, is a matter of current research e.g. in the “Sonderforschungsbereich 

Transregio 10” which mainly deals with aluminum extrusion elements with reinforcements. After 

the production of the reinforced extrusion elements, it is usually necessary to machine them e. g. to 

add holes for rivets. Previous publications already describe the use of simulation software to ensure 

that occurring forces are below a certain limit [1, 2] and to guarantee that no collisions occur in the 

real production [3, 4, 5]. Reinforced extrusion elements are prone to distortion and stress from heat, 

which can be the result of too much energy added by the machining process. The reason for this 

sensitivity is that reinforced extrusion elements are built from different materials having differing 

thermal expansion coefficients. In [3] a milling simulation software with a temperature simulation 

that is suitable only for homogeneous materials is described. In this paper, methods are shown that 

are fast enough to be used in a realtime simulation and that are capable of simulating heterogeneous 

materials. The finite element analysis (FEA) method, which is a common method for the calculation 

of temperature distributions, offers a high accuracy, but is usually too slow to evaluate complete NC 

programs. The explicit finite difference method approximates a differential by a difference quotient 

and is therefore faster while introducing a discretization error. 
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The second area dealt with in this paper is the field of dynamics in milling. For certain 

applications a defined surface quality is necessary. A certain surface roughness for joint elements to 

generate a reliable form fit connection and for seal surfaces so that the adhesive sticks optimally. In 

other cases the surface should be as smooth as possible. Even in the ideal milling process, there is a 

relevant surface structure which is generated by the interrupted cut. Additionally, the resulting 

roughness is strongly influenced by dynamic effects like vibrations or chatter. Chatter can also be 

the reason for excessive wear of the tool. The conventional procedure to optimize the surface 

properties is a loop that consists of changing process parameters and remanufacturing until the 

results are satisfying. Stability charts are used only rarely because their compilation is very time 

consuming and they depend on both the used tool and the used machine. 

In this paper a simulation system is introduced that is able to predict the dynamic trajectory of 

the milling tool and thus is able to reproduce the generated surface structure of the flank and 

ground. It simulates the self-excited chatter of the tool on the based on a damped harmonic 

oscillator. The input parameters are conventional NC files and several geometric and modal 

parameters describing the tool. For the calculation of the oscillator behavior, knowledge of the 

forces on the tool is necessary. The simulation is a time domain milling simulation working in 

discrete time steps. The utilized force model is based on the Kienzle equation. For each small time 

step, the generated chip form is calculated. Therewith, the forces on the tool can be deduced, which 

have influence on the tool deflection in the next iteration. With this simulation software it is 

possible to automatically create stability charts for variable radial immersions and cutting depths. 

The geometric structure of the flank and ground can be constructed and visualized. 

Simulation of the Dynamic Milling Process 

In the past several types of simulation of the milling process have been developed. Depending on 

their focus, different concepts have been used. Generally, the milling process is simulated by 

discretizing the movement of the tool and removing its occupied volume. An obvious choice for the 

simulation of the workpiece is the utilization of a voxel-based model [6]. In a voxel model, space is 

discretized into small, uniform cubes whereas each cube is either filled with material or empty. This 

model is easy to implement and ready-to-use libraries are available. The drawback of this modeling 

technique is that the amount of voxels depends on the resolution by O(n³). This leads to both high 

memory demands and runtime if a higher resolution is used. 

In the average case, the dexel format [2] demands only O(n²) memory while offering floating 

point accuracy in one selected direction. In this model the workpiece consists of parallel line 

segments that are arranged on a regular grid. Each end of a line segment corresponds to a point 

where the material is entered or left. To support the modeling of undercuts, each of the line 

segments must be replaced by a list of line segments. 

In [2] an improved model is also described: by aligning three dexel boards with the main 

Cartesian axes, an equally high accuracy in each of the three directions can be achieved. Especially 

steep flanges benefit from this improvement.  

These three models suffer more or less from discretization errors. The quantity of the error can 

be reduced by increasing the resolution. The modeling of surface structures resulting from dynamic 

effects demands a very high accuracy, which usually cannot be fulfilled with either voxel- or dexel-

based models. 
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Figure 1: Torus modelled by a triple dexel model: X board (top left), Y board (top middle), Z board (top right) 

and their combination.  

 

A higher accuracy can be achieved by using a Constructive Solid Geometry (CSG)-based [6] 

model which is a syntactical model. An object is described by a so-called CSG-tree. These Boolean 

trees consist of geometric primitives like spheres, cubes, etc., which form leafs of the tree. These 

primitives and each sub-tree can be connected by the Boolean set operators difference, union, and 

intersection (Fig. 2). Each (sub-)tree can be interpreted as a mathematical set and the operators form 

set operations. In simple implementations of milling simulations, the CSG-tree grows with every 

intermediate position of the tool. In this case the time necessary for each evaluation of the CSG-tree 

increases with the length of the previously milled path. 

In this paper an enhanced CSG-based simulation of the dynamic milling process is presented. A 

more detailed description can be found in [7]. 

 
Figure 2: CSG Example: Primitives (here: sphere and cube) and the set operations: union (left), difference 

(cube-sphere) (middle), and intersection (right) 

 

Oscillator Model As a simplification the tool can be interpreted as a mass point whose movement 

is determined by the model of a harmonic oscillator where the z-direction is assumed to be 

sufficiently stiff. Each of the two remaining directions of the tool movement is regarded 

independently (Fig. 3) and can be described by the equation  
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x(t) designates the deflection, k is the spring rate, c is the damping constant, and T depicts the time 

between two tooth engagements. The force F on the tool depends on the current deflection x(t) and 

on the deflection at the time of the previous tooth engagement x(t-T). This dependency shows the 

self-excited up-building character of the tool oscillations. The progression of forces on the tool can 

be approximated by a finite number of forces that are constant over a short span of time t∆ . If n 

previous forces )( itF each of the duration t∆ are known, Eq. 1 can be solved in an approximate way 

by Eq. 2 
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with ω denoting the angle velocity and γ being the damping constant. 

 
Figure 3: Regenerative effect leading to self-excited vibrations/ chatter 

 

Force calculation For the calculation of forces on the tool, the cutting edge of the tool is split into 

many small cutting wedges (Fig. 4). For each wedge the forces in cutting direction, and normal and 

tangential to the cut are calculated based on the Kienzle equation. The overall force on the tool is 

the sum of forces across all wedges. The current chip thickness is an important input value for the 

Kienzle equation and can to be calculated by computing intersections between a straight line and 

the chip form. The generation of the chip form is covered in the next chapter. 

 
Figure 4: Model of the tool composed from several cutting wedges 

 

Modeling of the chip form Each input NC program can be reduced to a sequence of short straight 

line segments. In the following the tool position is identified by a pair (s, p) with s being the index 

of the current line segment and p the distance of the tool from the beginning of segment number. s. 

The chip form C can then be described by Eq. 3 
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where 0W is the starting workpiece e.g. a cuboid, )(iV is the sweep volume of the tool for segment i, 

and T(s,p) and ),( zfpsT −  are the occupied volumes of the tool at position (s, p) and at the position 

of the previous tooth engagement, respectively. Eq. 3 can be modeled by the previous mentioned 

CSG method directly element by element. If the generation of the sweep volume )(iV  is too 

complex, it can be approximated by discretizing the tool movement and uniting the volumes of the 

tool at their distinct positions. For fast evaluation in the calculation of the chip thickness, it is not 

necessary to consider all sweep volumes iV  as they may be far away from the current place of 

interest and thus have no influence on the generated chip form. One way to avoid a lot of 

calculations is to sort the line segments into a data structure like octrees. Therewith, it is possible to 

efficiently find the line segments with an index lower than s that reside in an area around (s, p). 

These are the only segments that may influence the chip form. By this and additional optimizations, 

the size of the generated CSG-tree can often be reduced by about 80% without altering the chip 

form. The intersection of a straight line and a complete CSG-tree can be reduced to the intersection 

calculation between a straight line and the used primitives.  

 
Figure 5: Workpiece model without (left) and with (right) minimization of the CSG tree. The generated chip 

form (blue) is identical 

 

Modeling of tool vibrations For the simulation of the dynamic behavior, it is necessary to consider 

that the current chip thickness depends on the current tool deflection and on the tool deflection that 

has formed the current surface. This can be modeled by splitting the duration of each tool rotation 

into many steps. For the calculation of the chip thickness, the current deflection at a specific tool 

rotation angle and the tool deflection exactly one tooth engagement before are to be applied to the 

tool positions in the CSG-tree. By this procedure the self-excitation is modeled as the force on the 

tool influences the chip shape and the chip shape influences the force on the tool. Due to the fact the 

actual structure of the CSG-tree is not modified by this operation (only the values representing the 

two tool positions are altered), it can be accomplished very efficiently. 

 

Merging the parts At this point all necessary parts for the simulation of the dynamic milling 

process have been described separately. The complete simulation works in the following order: First 

the chip form is calculated. Depending on the chip form the forces on the tool are determined and 

stored. With the knowledge of previous forces the deflection of the tool is computed. Based on this 

the deflections the next chip form can be calculated and so forfth. The surface can be modeled by 

superimposing the computed trajectory with the tool movement and subtracting the sweep volume 

of the tool from the stock material. For a correct modeling of the ground structure, it is important to 

consider that in case of oscillation the tool is not shifted but bent around a pivot. The resulting 
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CSG-tree can be visualized in photo quality by methods like ray-tracing and radiosity (Fig. 6). 

Complete stability charts can be generated by simulating different combinations of radial 

immersions and feedrates. By examining the trajectory of the tool, it is possible to draw conclusions 

whether chatter occurs or not. 

 

 
Figure 6: Visualization of ground structures: left column reality, right column simulation 

Temperature Simulation 

In the course of the scientific project TR10, reinforced aluminum extrusion elements have been 

successfully produced by the subproject A2. Currently the reinforcements consist of steel wires- the 

usage of other materials is planned. For many applications the machining of the reinforced 

extrusion elements is necessary. Complex multi-axis machining could lead to a considerable heat-

up of the workpiece. In case of reinforced materials, this is very problematic because the different 

thermal expansion coefficients can lead to the build-up of stress or even bending of the material 

easily. The utilization of a temperature simulation makes it possible to recognize problems before 

the real machining could damage a workpiece. 

 

Numerical Solutions For practical temperature problems, it is usually not feasible to compute a 

analytical solution. A remedy to this problem is the utilization of numerical solution procedures. In 

the field of mechanical engineering, it is common to calculate the solution to static and to dynamic 

problems with the help of the finite element analysis, which is capable of providing a numerical 

solution in fields like temperature simulation, deforming, stress calculation, etc. One disadvantage 

with the FEA is its long runtime. The computing time for a temperature simulation of a few seconds 

of machining can take many hours to days and therefore is not suitable for the simulation of whole 

NC programs.  

The simpler finite difference method is a faster alternative. In this method a differential equation 

is solved by replacing the differentials with difference quotients, which introduces an error. 

Therefore, this method is in comparison to the FEA-method less exact but much faster. For the 

temperature simulation of non-homogenous materials, it has to be considered that the spatial 

differentiation of the heat conduction coefficient is not constant. 

In our software implementation two different ways of partitioning the workpiece were chosen. In 

the simpler solution the workpiece is divided into a regular grid. In the second solution the 

workpiece can be split adaptively into tetrahedrons. Both implementations only consider heat 

conduction as both convection and thermal radiation are of little relevance for the temperature 

distribution inside the workpiece material. 
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Regular Grid In the simpler of the two implementations, space is split evenly in each of the three 

Cartesian directions. Each resulting voxel is treated as being homogenous i.e. each voxel has only 

one temperature value and conductivity coefficient. The accuracy is identical over the complete 

volume. 

 

Adaptive Grid Areas of the workpiece that are far away from the NC paths or that have a low 

density of NC paths can be expected not to suffer from a high temperature build-up. These areas can 

easily be identified prior to the temperature simulation. It would be an optimal utilization of 

computing time if areas of higher interest were examined with a high resolution while the other 

areas could be discretized roughly. One possibility is to determine a tetrahedralization of the 

volume on a point set. It is planned to choose the density of vertices according to the importance of 

the area e.g. a high density should be chosen where many NC paths are near and a lower density in 

the remaining areas. As the temperature of each tetrahedron is represented by only one value, the 

generated tetrahedrons should be as compact as possible. Long, thin objects should be avoided. The 

Delaunay triangulation is a good way to fulfill these demands [8]. In 3D a Delaunay triangulation 

has the property that all tetrahedrons fulfill the so-called circumsphere constraint. This means that 

no other vertices reside inside the circumsphere of other tetrahedrons. Thus the minimum interior 

angle over all tetrahedrons gets maximized and the generated objects are usually compact. 

As the tetrahedrons are distributed unevenly and as only one temperature value per tetrahedron is 

included in the calculation, it is necessary to find an interpolation scheme to deduce the current 

temperature on a random position. In our implementation this problem of scattered data 

interpolation is solved by the use of a radial basis function. Radial basis functions are functions 

whose value only depends on the distance of the parameter value to the origin or a chosen point e.g. 

f(x)=f(|x|). The interpolation function is a linear combination of the basis functions, the general 

form is 
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where iα are coefficients that are to be determined, ),( ppd i

rr
 is the distance between ip and p, and 

mp  is a d-variate polynomial with dimension m.  

The chosen basis functions are the Hardy’s multiquadrics [9], functions of the 

form µ)()( 22 rddf +=  with r>0 and 0≠µ . The iα  can be determined by setting up a linear 

equation system with additional constraints whereas the polynomial mp  is zero. 

 

Cellular Automaton The cellular automaton is a concept for abstract machines mainly used in 

mathematics and computer science, especially in computability theory [10]. It is used to model 

spatial discrete dynamic systems. Space is divided into discrete cells, usually formed as a lattice. 

Each cell is in one of a predefined finite number of states. Time is discretized into steps. The status 

of a cell at time t+1 depends only on its own status and on the state of the cells in a finite 

predefined neighborhood each at time t. Formally, a cellular automaton A is a tuple (d,S,V,f) where 

d (the number of dimensions of A) is a positive integer, S is a finite set of states, V is the finite 

neighborhood, and SSf V →:  is a local transition function. It has been proven that certain cellular 

automata are computationally universal. This means that their computational power is equivalent to 

that of a Turing machine and therefore that everything that can be calculated on a computer (and 

probably, according to the Church’s theorem, everything that can be computed intuitively) can be 

calculated on a cellular automaton. With this background it is not surprising that the previously 

shown temperature simulations can be interpreted as a cellular automaton, but it is remarkable that 

the analogy is very direct and intuitive: The cells of the automaton correspond to the voxels of the 

regular grid and the finite neighborhood corresponds to the voxels surrounding the examined voxel. 

The temperature, though usually seen as a continuous value, is digitally stored with a fixed memory 
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consumption and so the number of different temperature values is finite. Therefore, it can be 

interpreted as finite set of states. The calculation of a new temperature for a voxel depends on its 

previous temperature and the temperature of the voxels surrounding in a predefined neighborhood. 

The way it is implemented, the calculation directly fits into the requirements for the local transition 

function of the cellular automaton. 

Conclusion and outlook 

This paper shows advantages in two fields of milling simulations. For the simulation of dynamic 

effects in milling, the resulting flank and ground structures are generated and compared to 

machined ones, which show a very similar structure for the tool used. With the knowledge of the 

transfer function it should be possible to simulate the behavior of a complete production system. At 

the moment, oscillations of the workpiece, which may have a significant influence, are not 

considered. Additionally, the influence of the exact tool form should be analyzed. 

For the temperature simulation, the runtime of the adaptive model should be compared to the one of 

the regular grid model. As the interpolation scheme in the case of the adaptive grid is very time 

consuming, alternative methods could be searched for. The resulting temperature distribution 

should be compared to experimental data. 
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Abstract. Different possible reasons for defects have to be considered in machining light-weight 
aluminum structures. In the machining process, the cutting power affecting the workpiece leads to a 
thermo-mechanical load that can cause undesirable workpiece deformations and thus shape 
deviations. Moreover, the microstructure and the machined surface can be influenced, which is 
detrimental to the later application of the structures. Previously conducted experimental and 
simulative investigations, estimated the circular milling process to be the most suitable machining 
operation that provides the best compromise between mechanical and thermal loads compared to 
drilling operations [1,2]. 
In this paper the results of machining end-cross-sections of an aluminum profile are presented. The 
machining was obtained by a milling process, which is demanding, because of the low profile 
stiffness. For this process it is important to know the effects of machining in view of the shape 
deviations. By means of a Finite-Element-Analysis the deformations of the profile web can be 
calculated as well as validated by experiments. Based on these results, the appropriate process 
parameter values for end machining can be defined. 

Introduction 

The machining of light-weight aluminum profiles raises different problems due to the small wall 
thickness. The process forces subjecting the workpiece can cause discrepancies in tolerances or 
even damage. This can lead to a reduction of functional capability and, therefore, a failure. 
Moreover, the heat, generated within the dry machining process due to the friction and the chips, 
can cause local displacements.  
With the help of advanced workpiece clamping devices, some situations of workpiece damage can 
be well avoided. However, in most cases the process design has to be optimized.  

Experimental Setup 

In order to produce light-weight metallic structures, especially the machining of the section ends 
requires certain attention. The machining of these profile end-cross-sections is necessary for 
different subsequent production steps, for example a welding process. In this case not only the exact 
profile length is important, but also the shape of the machined profile end-cross-section.  
The main goals of these investigations are the analysis and the optimization of the process design 
concerning the applied cutting data. Therefore, the best solution for short major processing time and 
minimum workpiece deflections has to be determined. Particularly, the plastic yield of the 
workpiece can cause problems if subsequent processes are to perform. The investigated aluminum 
alloy was AW 6060, a very ductile workpiece material and therefore very susceptible to 
deformation due to the process forces. 
In order to create structures consisting of profiles with different cross section shapes, a machining 
operation is necessary to create small welding seams for following welding processes (Fig. 1). As a 
first example for developing an appropriate part design a rectangular hollow profile was machined 
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by a milling process to create a concave end-cross-section. This contour can be used for a T- 
junction of rectangular and circular structures.  
 

 
Figure 1: Example for a T-junction with a rectangular profile 

 
At the first step, experimental investigations have been conducted. Therefore, a hollow aluminum 
profile has been fixed on a three axis machining center, as shown in Fig. 2. 
 

 
Figure 2: Experimental set up 

 
The profile was fixed on both sides by a conventional bench vise. The hollow aluminum profile had 
a cross section of 40 x 40 x 2 mm and in one flange of the profile, a circle segment with diameter 
D = 40 mm was machined. The end-cross-sections were deburred for process preparation. The 
machining operation was performed in up-milling. The offset of the radius to the end-cross-section 
was 12.3 mm. The used tool was a single tooth milling cutter with diameter D = 12 mm and a rake 
angle of 30°. It was made of fine grain cemented carbide and the cutting edge design is specialized 
for the machining of aluminum. The machining parameters were varied between feed rate 0.2 mm 
and 0.8 mm and the cutting speed between 200 m/min and 800 m/min.  
During the experiments’, the deformation in Z-direction of the machined flange was monitored with 
the help of a laser tracker system. A schematic drawing of the experimental and measuring set up is 
shown in Fig. 3. Therefore, a small hole was drilled in the middle of the undersurface of the profile. 
The distance between hole and profile edge was 12 mm. A small laser beam aimed through that 
hole under the upper surface which was to be machined. The reflected beam was detected by a 
sensor at a fixed angle. When the machined flange moves or bends due to the process forces the 
reflection angle changes. This change was measured and the current distance between laser source 
and upper profile flange can be calculated. Due to the rake angle of the used milling cutter, a 
movement of the flange in Z-direction is always to be expected. Additionally, a small nozzle for 
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compressed air was positioned in front of the profile to ensure that no chips were in between the 
laser and the detector.  

 
 

Figure 3: Measurement set up for the detection of the deformation in Z-direction 
Furthermore, the mechanical load e.g. the feed force and the cutting torque of the tool is recorded 
during the process with the help of a dynamometer. In such a way the correlation between 
mechanical loads and deflected web can be determined. However the stress situation in the 
machined section can not analytically calculate. With the help of FEA the stress situation can be 
calculate but therefore the mechanical loads are necessary as input parameter. The feed force and 
drilling torque was applied on the workpiece (see paragraph FEA of machining end-cross-sections) 
and the measured deviations of the web during the process were used for validation of the 
simulation results. Moreover, the measured deviations show which process parameter values are 
more suitable for the end-cross-section machining of this aluminum alloy. The measured 
mechanical loads for a certain process parameter set are presented in Fig. 4 and Fig. 5. 

 
Figure 4: Illustration of passive forces due to varying process parameters 
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Figure 5: Illustration of cutting torque due to varying process parameters 

 
It is obvious that at a cutting speed of vc = 400 m/min and feed rate of f = 0.4 mm/rev the highest 
mechanical load was measured. At a higher cutting speed combined with the same feed rate this 
load is lower. This can be attributed to a decrease in thermal stiffness of the material caused by a 
higher cutting power in the process accordingly to the equation:  
 

cw vAQ ⋅= .     (1) 
Qw = Material Removal Rate; A = Cross Section of Undeformed Chip; vc = Cutting Velocity 

 
Due to the high process forces the profile was relocated during the machining operation. This 
movement caused a deviation to the preprocess coordinates. The clamping situations pre- and post-
process were observed by a test gauge. The amounts of deviation are listed in table 1. 
 
Table 1: Measured profile deviation pre- and post-process 
 vc = 200 m/min vc = 400 m/min vc = 800 m/min 
fz = 0.1 mm 0 mm 0.002 mm 0.005 mm 
fz = 0.2 mm 0 mm 0.005 mm 0.005 mm 
fz = 0.4 mm 0.02 mm 0.02 mm 0.05 mm 

Finite-Element-Analysis of machining end-cross-sections 

After the experiments, an analysis of the forces and the cutting torque was performed. Especially 
these data are important for the definition of loads within the FE-modeling. The simulation model 
for circular milling previously developed at the Department of Machining Technology (ISF) was 
applied for the simulation of machining process at section ends [3]. In comparison to the circular 
milling, the end-cross-section machining is a conventional milling operation without movement in 
Z-direction.  
When analyzing the data 17 peaks were observed in the datasheet. For each revolution the major 
cutting edge of the tool gets into a new engagement and therefore, a peak is observed at the cutting 
torque and the feed force. These 17 peaks are the reason for discretization of the modeled material 
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to be machined within 17 substeps. Within the process material was removed gradually from the 
model to simulate the chip removal. After each tool revolution one-seventeenth of the material to be 
machined was detached therefore the model has to be prepared in order to remove the material in 
the appropriate order. The area which will be machined was modeled as a certain volume. As in 
former analyzes already proved, the approach of discretisizing is a reasonable way to describe the 
tool movement along the machined workpiece surface [3]. 
The simulation of the entire process is only performed without investigating the chip building. The 
chip building itself is of a high complexity and, therefore, a high amount of calculation time is 
required [4,5]. In order to develop a productive and economic method for prediction of in-process 
conditions or limitation of functions, only the machined area of the profile should be observed.  
To represent the tool and its engagement condition in the workpiece material, an exact 
measurement of the shape of the used tool was conducted. This data was used to model an exact 
image of the tool in the FEA environment. During the modeling process different challenges occur 
due to the complex shape of the single tooth milling cutter. Thus, several idealizations were 
necessary. On the one hand, the modeling became easier and on the other hand, simpler structures 
consume less elements and therefore less calculation time.  
The major simplification concerns the engagement situation of the tool during the operation. The 
used tool has a rank angle of 30°. Due to that angle, the line of contact representing the major 
cutting edge has the shape of a helix. This is difficult to model into the workpiece. Therefore, the 
major cutting edge was modelled as a straight inclined line (Fig. 6). Due to that supposition the 
meshing process became easier, too. 
The tool material consisting of cemented carbide is very stiff in comparison to the ductile aluminum 
and thus is assumed as linear elastic material model. The workpiece material is represented as an 
elastic plastic material depending on the temperature. Therefore an isotropic plasticity was 
assumed. The Young´s modulus was measured of subproject A3 with E = 63 GPa and a yield point 
with Rp0.2 = 74 MPa. For the FEA-model the 3-D 8-node structural solid element type SOLID185 
implemented in the FE-code ANSYS was used. This element type is a trilinear element, but a 
linearized shape function is sufficient for structural analyzes with a reduced number of nodes 
compared with quadratic elements. 
 

 
Figure 6: FE-model for end-cross-section machining 

 
The load application was implemented by joint nodes on the supposed tool and the machined area. 
Therefore, on the virtual tool centre line, a master node was selected and coupled with nodes on the 
major cutting line in the machined area. On the master node the mechanical load at each load step 
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was applied and transferred to the coupled nodes. In the virtual process the tool center line as well 
as the master node changes along the cut edge due to the movement of the tool in the XY-plane. 
 
The displacement in Z-direction can be compared between calculated and measured values. Fig. 7 
and Fig. 8 show that the calculated deformations are lower than the measured ones. Also, it could 
be observed that the qualitative accordance is good and the difference between the two values is 
nearly constant. This leads to the conclusion that the approach provides a promising procedure to 
the experiments, but some improvements are still conceivable. The simulation was conducted for 
different cutting data (Table 2). 
 
Table 2: Selected process parameter values for the FE-simulation 
 Cutting speed vc Feed rate fz 
Parameter value combination 1 200 m/min 0.2 mm 
Parameter value combination 2 400 m/min 0.4 mm 
 

 
 

Figure 7: Comparison calculated and measured deformation for the first parameter  
value combination 
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Figure 8: Comparison calculated and measured deformation for the second parameter  

value combination 

The good accordance between measured and calculated displacements offers an interpretation of the 
stress values calculated by the FEA software. The stress values depend on the deformations 
therefore high deformations lead to higher stress values. The stress is shown as von Mises 
equivalent stresses (Fig. 9), this is a commonly used hypothesis for aluminum [6]. It is obvious that 
the stresses are limited on a small area around the contact zone. There is no additional influence on 
the entire profile. At the load steps 7 and 8 the stress values are the highest accordingly to the 
highest deformations. Furthermore the stress values are not that high that plastic deformations takes 
place. 

 
 

Figure 9: Von Mises equivalent stresses for selected load steps and parameter values 
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Summary and Conclusion 

The investigations of machining end-cross-sections of aluminum hollow profiles with a low 
stiffness show the complexity of this process. The measured deformations in axial direction of the 
tool center line show varying results. Contrary to the expectance the mechanical load at low cutting 
speed and feed rate is equal or higher than on higher parameter values. This phenomenon can be 
explained by decreasing stiffness of the material in consequence of generated heat at higher cutting 
speed. 
Following on from the investigations of the machining process, the simulation is to be integrated 
into a virtual process chain for small-batch manufacturing of unreinforced and reinforced profiles 
with different, including multi-cell cross sections. Especially the reinforced extruded profiles 
contain residual stresses, because of the different thermal expansion of matrix and reinforcement 
elements during the cooling phase after extrude moulding. The residual stresses may have negative 
effects on the manufacturing accuracy when cutting the reinforcement during the machining 
process. Because of this, it is necessary to consider these internal stresses of the profile as an initial 
condition for the machining simulation. This is necessary for bore holes, especially when they are 
located close to each other, and for section ends, because of the shape accuracy influencing the 
following welding process. 
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Abstract. In the field of light weight frame structures the assurance of dimensional accuracy and the 

prediction of structural properties especially during and after welding processes are of great 

importance. The problem in this regard mostly arises from the used welding technique which is 

characterised by complex interactions of various parameters. A simulative approach is useful in 

order to predict the structural behaviour and to improve the geometrical quality of joined light 

weight components after welding. As such, it contributes to reduce process adjustments in the early 

stage of the product life cycle, and therefore helps to save time and costs. In this paper an approach 

for modelling the innovative joining process of composite extruded profiles by friction stir welding 

is presented. 

Introduction 

This paper discusses some results that were achieved in sub-project B4 within the Transregional 

Collaborative Research Centre 10. The scientific objective of this project is the simulation of the 

interactions between the considered thermal joining processes (friction stir welding and laser beam 

welding) and the component structure [1]. In particular the joining of composite extruded profiles 

will be investigated. In doing so, various new aspects have to be considered. For instance, the 

different material parameters – in particular the coefficient of thermal expansion – of the matrix and 

the reinforcing elements cause the generation of stresses during a heat treatment, particularly when a 

welding process is performed. In this regard it is of interest to study low heat joining technologies 

such as friction stir welding. The benefit of applying such an innovative process should be proved. 

Processes during which a great amount of heat is applied to the treated components will be 

examined as well, in order to test the limits of their applicability. The particular joining technique 

that will be studied in this regard is laser beam welding. The evaluation of the applicability of these 

joining techniques for various profile types will be clarified in cooperation with other sub-projects 

that investigate the process sensibility, particularly sub-project A11. It is intended to compare 

experimental results to those of appropriate simulations for mutual benefit, meaning, on the one 

hand, to gain information for optimising the process and, on the other hand, to validate the results 

obtained from the simulation. Depending on the geometrical properties and the used materials of the 

various profiles, methods will be derived to calculate the state of the regarded component during 

and after the examined welding process. 
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Presentation of the considered example 

The joining process of two composite extruded profiles by means of friction stir welding provides 

an application example for the examination discussed within this paper. This example describes the 

experiments that were conducted by sub-project A11, which studies the joining techniques of 

friction stir welding and laser beam welding. In the course of that sub-project various experiments 

were and will be conducted at the authors’ institute. As a starting point the setup of the above 

mentioned experiment provides the basis for modelling. In detail this experiment involves a butt 

joint of two extruded composite sheet metals – each made of an aluminium matrix reinforced with 

six steel wires that are distributed equidistantly – with the dimensions 35 × 56 × 5 mm. These 

extruded composite profiles are shown in Fig. 1. A detailed description of the experimental setup is 

discussed in a following paragraph. A transient temperature field is calculated in a thermophysical 

simulation of the welding process until cooling of the structure to the ambient temperature. Within a 

thermomechanical simulation, the welding distortion and the residual stresses of the workpiece are 

finally calculated considering the influence of the reinforcing elements in the structure and the 

clamping conditions during friction stir welding. 

Setup of the simulation 

To conduct the above mentioned computations the finite element method is applied. Therefore the 

complex physical effects that occur during a welding operation become computable due to a 

discretisation in space and time – by using a finite element mesh and a partition in discrete time 

steps respectively. The increasing available computing power and the advancement of commercial 

software both contribute to increase the accuracy of the results of a simulation and to decrease the 

amount of time to compute them. From another point of view, it is possible to examine structures 

with more complex geometries or include more physical effects by coupling different computations. 

To compute the structural results, commercial software is used. There are two main computation 

steps in this regard. Firstly the transient temperature field is computed. The definition of the 

intensity of the heat source as an input parameter is determined iteratively. To validate the results of 

the simulation various ways are possible. These include examinations of cross sections of the weld 

seam, temperature measurements during the welding process, evaluations of experience based data 

sets or a combination of the above. Secondly the effects of the thermomechanical and mechanical 

loads during the joining process within the component structure are calculated. The result herefrom 

is a global state of residual stresses, which combines the consequences of the various influences. In 

the simulation it is important to take into consideration both the modelling of the clamping situation 

and the stress formation that occurs on the interface between the different materials of matrix and 

reinforcing elements. 

All simulations are conducted using commercial software. As a starting point all meshing tasks 

are handled with HyperMesh (Altair) while all further modelling tasks and computations are 

performed with SYSWELD (ESI Group). Further software tools will be used as well in the course 

of the project. Therefore, it will be possible to compare results even between two or more numerical 

simulations using different software tools. In addition numerous experiments will be conducted to 

validate the numerical results. 
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Approach for modelling 

The basic setup of the described friction stir welding experiment − size of the sheets to be joined, 

clamping conditions etc. − will be adopted for the modelling. Furthermore, measurement results 

which were captured during the experiments are used to calibrate various influencing parameters in 

the simulation. 

Fig. 1 shows the schematic clamping situation of the experiments. The two sheets that are to be 

joined are indicated in the figure. Additionally a third sheet – marked as supporting sheet in the 

figure – can be seen in the back. These three sheets are mounted onto the support surface by two 

clamps. The supporting sheet is used to allow an easier experimental performance. In this sheet the 

pin of the tool plunges in vertically at the beginning of the friction stir welding operation. After that 

the tool moves in a horizontal motion along the joining line of the two sheets. By the use of a 

supporting sheet a stable welding process can be achieved in the experiments. The supporting sheet 

can either be considered or omitted in the simulation. To clarify this aspect, both variations will be 

examined in the course of the project. For the investigations in this paper the latter case was 

selected. 

 

 

support surface

sheets to be joined

supporting sheetclamp
clamp

reinforcing elements
 

 

Fig. 1: Schematic clamping situation for the regarded friction stir welding experiments 

 

 

The definition of the clamping situation plays an important roll in the simulation. The sheets are 

fixed tightly so that no movement during the welding process is allowed. Through this setup the 

heat transfer is specified. There are three different ways of heat transfer [2]. The majority of the heat 

that is input into the structure by the welding process will be transferred from the sheets to the 

support surface through heat conduction. The contact area between each clamp and the sheets is a 

thin rectangle that is smaller than the area between the sheets and the support surface. Nevertheless 

heat conduction will occur through these two areas as well. In addition to conduction, heat is also 

transferred from the sheets to the surroundings via convection and radiation, although its 

contribution to the overall heat transfer is lower – taking into account the temperature range that is 
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attained during the welding process up to a maximum of 500°C for aluminium alloys – than that of 

heat conduction. Nevertheless, once the workpiece is unclamped, heat transfer will occur only 

through convection and radiation. 

All experimental process parameters that are of importance for the simulation are going to be 

adopted for the modelling in this case. These parameters are listed in Table 1 below. 

 

 

parameter value [unit] 

feed of the tool 200 [mm/min] ≈ 3.33 [mm/s] 

length of the weld seam 56 [mm] 

sheet thickness 5 [mm] 

reinforcing element diameter 1 [mm] 

initial temperature 20 [°C] 

 

Table 1: Selected process parameters of the friction stir welding experiments 

 

Modelling of the friction stir welding 

The first step in the modelling is the generation of an appropriate mesh of solid elements for the 

composite structure. Usually the mesh is subdivided into two sections − a fine mesh and a coarse 

mesh. The fine mesh is used to handle the high temperature gradients that appear in the elements 

where the heat source is applied. Once such a mesh for a single sheet is generated, the mesh of the 

second sheet is created by mirroring the whole mesh structure in respect to the weld line. If a weld 

gap shall be considered, solid elements need to be implemented between the two sheets. The 

handling of the material behaviour of these elements is described below. In addition to the solid 

elements, groups of two-dimensional elements are defined in order to model the heat exchange. 

Finally, to describe the welding trajectory, groups of one-dimensional elements are defined. Two 

nodes indicate where the trajectory starts and where it ends respectively. In the intended simulation 

the trajectory is a straight line. 

Three different materials have to be specified for the simulation. The aluminium matrix consists 

of EN AW-6060 and the reinforcing steel elements are made of S 355 J2. If a weld gap should be 

considered, the elements defined between the two sheets need to be handled by setting Young’s 

modulus to a value that corresponds to 0.7% of Young’s modulus of aluminium [3]. To define the 

material properties, appropriate databases are used. These are included in the commercial software, 

which was referred to above, and are complemented by experimental data provided by sub-project 

A3. 

Furthermore, the heat input needs to be defined. As in the first phase of sub-project B4, a conical 

heat source is one type of heat source that can be used [4]. Fig. 2 illustrates such a heat source and 

indicates the parameters that define it. These parameters are the maximum source intensity Q0 

[W/mm³] and four geometrical parameters that define the position relative to the workpiece and the 

shape of the cone. 
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Fig. 2: Conical heat source with its defining parameters 

 

 

The five defining parameters are determined using cross sections which are provided by sub-

project A11 and temperature measurements that were generated by various friction stir welding 

experiments at the authors’ institute [5]. In addition to the conical heat source other types of heat 

sources are going to be tested in order to replicate the real process as close as possible. The 

influence of a cross section for the parameter definition is discussed in the following. Such a cross 

section is shown in Fig. 3. 

 

 

tool shoulder diameter = 10 mm

tool pin diameter = 2 mmweld seam
 

 

Fig. 3: Cross section of a weld seam from a friction stir welding experiment 
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The shape of the weld seam that can be observed in Fig. 3 is typical for friction stir welding. 

Both the tool shoulder diameter and the tool pin diameter are indicated in the figure. These 

diameters are mainly responsible for the shape of the weld seam. For a good recreation of the real 

welding process the parameters of the used heat source have to be chosen in a way that the shape of 

the temperature field, which is calculated during the simulation, matches well with the shape of the 

weld seam in the cross section. More heat sources of varying types can be combined simultaneously 

to accomplish this intention. 

Outlook 

Both friction stir welding and laser beam welding are complex processes each with its own specific 

effects that need to be taken into consideration within a simulation. As an example for such a 

specific effect the rotation of the friction stir welding tool was examined. As the rotating tool moves 

along the workpiece it causes a material flow in the welding zone. This process phenomenon is very 

complex to model and, therefore, it is difficult to be included in a simulation. As usual, various 

simulations have to be conducted to quantify the different influences and to decide which effects are 

important and should be considered in the simulation and which are of minor or no importance and 

can therefore be neglected. In addition to that, some new aspects have to be taken into account in 

future investigations. The fact that the composite extruded profiles are made of different materials 

with different material properties leads to additional structural effects that have to be taken into 

consideration. Taking into account these influencing factors will yield accurate results of the 

examined welding processes. 
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Abstract. In this paper we present a method for the multidisciplinary optimization of structures 

including qualitative expert knowledge. In addition to multi objective and discrete tasks, which are 

solved with a genetic algorithm, mainly expert knowledge and experience is available for certain 

influences in early design stages. Fuzzy Rule Based Systems (FRBS) provide a powerful tool to 

model such influences via qualitative human knowledge. Based on this idea, a method for building 

qualitative, knowledge based models has been developed at the institute and enhanced. As an 

example, structural components constructed from composite aluminum profiles with embedded 

continuous reinforcing elements have been optimized. 

Introduction 

The ultimate performance and cost of automotive and aerospace structures are determined 

disproportional highly in the early stages of product development [1]. Depending on the field of 

application, many disciplines may influence an optimal design not only via different load cases, but 

also by economic considerations. For example, while automotive structures are mainly driven by 

crash loads and low cost bulk production, aeronautical structures are determined by function, life 

cycle loads, and small batch manufacturing processes. An optimal design for these structures which 

meets the requirements of different disciplines can be found by using the methods of 

multidisciplinary structural optimization [2]. While well known methods such as stochastic 

optimization algorithms [3], robust design [4], and approximation models [5] are applied in later 

product development stages, their use in early stages is often limited, especially if disciplines which 

are part of the product development itself influence the optimal structural design, such as newly 

developed manufacturing processes. 

For common manufacturing processes, broad information is available from test data such as 

shape distortion [6], producibility [7] and economic aspects. Newly developed manufacturing 

processes such as aluminum-steel composite extrusion [8] are less well known. Several techniques 

are used to consider manufacturing processes in structural optimization problems. Computationally 

expensive numerical models [9] and empirical models from simulation and test data [10] are 

available for some. All still need an extensive data set to build the approximation model or to 

validate the simulation code respectively. 

To integrate manufacturing influences for which a few or no simulations and tests are available at 

least in a roughly estimated way Hajela [11], suggests the use of fuzzy logic [12] to include expert 

knowledge in the model. Natural language is utilized for parameterizations of so called Fuzzy Rule 

Based Systems (FRBS) and ‘if … then’ rules link the input and output parameters. The single 

input/single output models in [11] were extended to multiple inputs/single output by the 

authors [13]. 

In the following sections, knowledge based fuzzy models are described together with the applied 

knowledge acquisition technique and the influence of the knowledge base. A short description of the 

utilized genetic algorithm, GAME, is given. This algorithm is applied to optimize structural 
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components constructed from composite aluminum profiles with embedded continuous reinforcing 

elements. Finally the according results are discussed. 

Knowledge Based Approximation Models 

Different approximation techniques are well established for several engineering problems [5]. The 

most common are Response Surface Approximation (RSA), Kriging, and Neural Networks, which 

depend on large data sets to fit/train the model. Of these three methods, e.g. RSA offers a reasonable 

ability to consider both physical understanding and prior knowledge of the problem [14] in the 

building process of the approximation model. Examples can be found in [15]. This ability is useful 

to improve the quality of the approximation using a limited number of support points.  

Fuzzy Rule Based Systems offer this ability by definition. They were originally developed by 

Zadeh [12] and many Fuzzy Logic based approximation techniques have been subsequently 

established such as Fuzzy Regression [16], Neuro-Fuzzy Systems, etc. [17]. The basic idea to use 

FRBS for expert knowledge representation in structural optimization was used by Hajela and Yoo in 

[11] to build a model for the layup time of a composite wing panel depending on one input 

parameter. For a detailed description of the ‘if … then’ rules refer to [13]. The rules are built by the 

knowledge engineer after the knowledge acquisition is performed. 

Knowledge Acquisition. During the knowledge acquisition phase the input and output 

parameters of the model and their relations are identified and described by an expert or a group of 

experts. Afterwards this knowledge is transferred to a proper knowledge representation. An 

overview of different techniques can be found in [18]. It is important to distinguish between implicit 

and explicit knowledge. Implicit knowledge is general knowledge about a problem, whereas explicit 

knowledge contains rules and problem solving strategies. The approach for knowledge acquisition 

used in this paper is twofold: to gain implicit and explicit knowledge. 

First Card or Concept Sorting techniques [19] are used to structure the expert´s knowledge. 

Previously defined objects, experiences, and rules are written on cards and the knowledge expert 

sorts them into groups. The expert describes what each group has in common so they can be 

hierarchically organized. This method is more efficient than the commonly used protocol 

analysis [19]. 

From the Card Sorting results, a structured interview [18] can be derived to develop the rule base 

of the FRBS by the knowledge engineer. Card sorting and the structured interviews can be easily 

supported by graphical user interfaces in, for example, EXCEL
®
 or MATLAB

®
. 

As an example, different events were found for the extrusion process of composite aluminum 

profiles with embedded continuous reinforcing elements. They are listed in Table 1. A more 

detailed description of this manufacturing technique is given for the example later. 

 

Event 
Effects on 

Structural Properties 

residual stresses in profile after extrusion  
Allowedσ , suitability for subsequent manufacturing steps 

debonding - loss of adhesion between 

fibres and base material 
Allowedσ , reject due to defects 

deformation of profile cross section cross section area, section modulus, tolerances 

profile contour deviation due to gravity overall geometry, tolerances 

torsion of the profile overall geometry, tolerances 

 

Table 1: Events for the extrusion process of composite aluminum profiles with embedded 

continuous reinforcing elements 
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The following parameters for the event residual stresses in profile after extrusion are 

hierarchically ordered by their importance. 

 

residual stresses in profile after extrusion 

Parameter Hierarchy Design Variable in Struct. Opt. 

cooling conditions very high no 

welding chamber geometry high yes, profile cross section 

number of reinforcing elements above average yes, reinforcing ratio 

contour of the profile average yes, topology of structure 

base material average yes 

reinforcement material below average yes 

reinforcement coating low no 

reinforcement configuration very low yes 

 

Table 2: Parameters for one event 

 

For calculating the local residual stresses, idualresσ , for a certain material combination and cross 

section a simulation model is under development but not yet available. From the knowledge gained 

by knowledge acquisition, a qualitative performance number resPM  can be approximated. From the 

parameters in Table 2, a structured interview is derived, which is used to establish the rule base of 

the Fuzzy Rule Based System. The first parameter has no equivalent design variable in a structural 

optimization problem and can be neglected, because optimal cooling settings will be used always. 

The second parameter, welding chamber geometry, depends on the profile cross section. The third 

parameter, number of reinforcing elements, is directly related to the reinforcement ratio. The 

contour of the profile is changed only in topology optimization of the overall structure. The base 

and reinforcement material can be described by discrete design variables. The last two parameters, 

reinforcement coating, and reinforcement configuration, have only small influences because they 

are often fixed due to process reliability. A detailed model for resPM  is described in the example. 

Structural Optimization of Composite Vehicle Space Frame Profile 

A composite aluminum profile with embedded continuous reinforcing elements from the generic 

motorcycle space frame, shown in Fig. 1, was optimized with regard to mass and deformation. In 

addition to the geometric cross section parameters in Fig. 1, the material combination, and the 

reinforcing ratios, 1f  (horizontal outer section), and 2f  (vertical outer section) were changed. This 

can lead to large thermal stresses because the stiffeners are not reinforced. A detailed description of 

the design variables is given in Table 3. 
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Fig. 1: Geometry parameters of the reinforced profile 

 

 

Parameter Description 
Lower 

Bound. 

Upper 

Bound. 
Step Size Type 

R radius ratio
1
 0 1  continuous 

H height 15 mm 100 mm  continuous 

B width 15 mm 100 mm  continuous 

b1...2 wall thickness outer section 2 mm 10 mm  continuous 

b3...6 wall thickness stiffener
2
 0 mm 3 mm  continuous 

f1...2 reinforcement ratios 0 % 30 %  continuous 

M material combination
3
 1 4 AlSt, AlCF, 

MgSt, MgCF 

discrete 

1
this is only a ratio: R = 0 → minR̂  and R = 1→ maxR̂  minR̂  and maxR̂  predefined by H, B and finite 

element discretization 
2
if ≤ 1.5 mm the stiffener does not exist 
3
Al: Al6060 T4, Mg: AZ31HP, St: steel wire 1.4310, CF: Thornel 25 

 

Table 3: Design variables of the profile optimization problem 

 

Because of the newly developed curved profile extrusion [20] for reinforced hollow profiles, a 

heat treatment after the extrusion to minimize residual stresses is not possible since the intended 

curved shape would deform. The reinforcement induces additional high local residual stresses in the 

profile, which can lead to problems in subsequent production processes, such as drilling, milling, 

and joining. A second optimization is performed and a qualitative performance index for the 

residual stresses resPM  is introduced as third goal to be minimized. 

 

The formulation for the first optimization problem is: 

 

)](),([)()(min 1 xDeflectionxMassxfxz
vvvvvv

== . (1) 

161;01 K=≤ igthatsuch i . (2) 

 

 

The formulation for the second optimization problem is: 

 

)](),(),([)()(min 2 xPMxDeflectionxMassxfxz res

vvvvvvv
== . (3) 
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161;02 K=≤ igthatsuch i . (4) 

 

The constraints ii gg 21 =  are described later in detail. 

 

Load Cases. The three static load cases computed are listed in Table 4 (support according to Fig. 

2). Load cases 1 and 2 refer to a typical loading condition during normal use. The third load case 

considers the different coefficients of thermal expansion in sections with reinforcement ratio 1f , 2f , 

and the base material. For each load case a linear buckling analysis is performed to ensure the 

stability of the lightweight profile and the first eigenfrequency is calculated by modal analysis. 

 

LC Nr. Description Load Support 

1 pothole - driver standing FLC1  =  2.94  kN 

MLC1  =  220.50 Nm 

tread 

tread 

2 pothole - driver seated FLC2  =  0.74  kN 

MLC2  =  1102.50 Nm 

tread 

support 2 

3 temperature difference  ∆T  =   100.00 K - 

 

Table 4: Load cases 

 

Constraints. The sixteen constraints consider the stresses both in line and perpendicular to the 

direction of the embedded continuous reinforcing elements for the three load cases 

( ||iσ ,
⊥iσ , Allowedi ,σ  depends on material combination M and reinforcement ratio if ), the linear 

buckling ( iλ , a safety factor of 50 was chosen after comparison with nonlinear results), the overall 

deformation of support 2 in load case 1 ( 1LFu , max.~7.5~mm), and the first eigenfrequency ( 1ω , 

min. 40 Hz). Also, the differences of the wall thicknesses in the single parts of the cross section 

should be small ( 3/ ≤yx bb , five combinations considered). 

Finite Element Model. The finite element model (ANSYS
®
) with the supports of the profile is 

displayed in Fig. 2. The tread for the driver on the left side of the profile is used for loading support. 

The wide range of design variables leads to finite element models with different numbers of 

elements. This effect is reduced by an automatic element size calculation based on the cross section 

geometry. A study performed for approximately 1800, 2000, 4000 and 8000 elements on one profile 

showed negligible effects on the maximum stresses and a minor increase in deformation as 

expected. During optimization the element number varied between 3792 and 5216 elements. The 

reinforcement was modeled via homogenized material constants, both in and perpendicular to the 

direction of the continuous reinforcing elements. 
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Fig. 2: Support of the profile in finite element model 

 

Knowledge Based Model. Based on the knowledge acquisition described before, two submodels 

for a qualitative performance measure on residual stresses resPM  in the profile were developed. The 

first model considers the effect of the welding chamber geometry which is mainly defined by the 

cross section. The second model takes the reinforced parts of the profile into account - the more 

reinforcement elements the higher the local residual stresses. Although residual stress investigations 

are available for aluminum profiles [21] (and with some restrictions also for reinforced profiles), the 

influence of the base material was not modeled due to lack of data and knowledge for extruded 

magnesium profiles. The inputs of the models are listed in Table 5. 

 

Model Nr. Input 1 Input 2 Input 3 

1 bmax/bmin H/B No. of chambers 

2*NoStiffeners 

2 f1 f2 - 

 

Table 5: Input parameters for knowledge based models 

 

In the first model, the welding chamber geometry is taken into account. minmax /bb  has a high 

influence on the local residual stresses and H/B has a medium influence. If the cross section has 

stiffeners and reinforcement, different material flows have to be joined in the die. This leads to 

chambers (=2*NoStiffeners) in the die which have a very high influence due to the longitudinal seam 

weld lines from the material flows. The resulting interaction 1PM  is shown for different numbers of 

chambers in Fig. 3. For each input three membership functions ('small', 'medium', 'large') are utilized 

resulting in 27 rules. The output has eleven membership functions in order to model the increase of 

residual stresses for a high chamber count. 
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Fig. 3: Knowledge based model for performance measure 1PM  - influence of welding chamber 

geometry 

 

In the second model the two different reinforcement ratios, 1f  and 2f , are equally important. The 

local residual stresses around one reinforcing element (steel wire, carbon fiber rope) are high. The 

stresses decrease rapidly with increasing distance from the reinforcement, but for high 

reinforcement ratios, these local residual stress fields can overlap. For the homogenized material 

parameters only qualitative estimations are possible. The overall performance measure resPM  is 

calculated according to the following formula: 

 

1** 212211 ==+= aaPMaPMaPM res . (6) 

 

The weighting factors ai could be used to change the influence of the to sub models on resPM . In 

this example they were set to 1 because both aspects, the geometry of the welding chamber due to 

the profile cross section and the influence of the reinforcing elements, are assumed to have the same 

significance. The models are programmed in the MATLAB
®
 Fuzzy Logic Toolbox. 

Optimization algorithm. The genetic algorithm GAME (Genetic Algorithm for Multicriteria 

Engineering) is used to solve the optimization problem. An overview can be found in [22], a 

detailed description in [23]. The performance of GAME is comparable to the well known NSGA-II 

[24] (iSIGHT-FD implementation). The settings for the optimization algorithm are listed in  

Table 6. They were chosen according to the available computation time and the problem 

dimensionality. Convergence plots of the goals also showed that in the last five generations only 

minimal improvements were achieved, indicating that the solution had converged. 

5760 and 5790 system evaluations were performed by GAME for the 2-goals and 3-goals 

optimizations respectively. The computation time on a 17-node cluster (8GB RAM, Intel
®
 Xeon 

5160 3GHz each) was 24.5 – 33 hours depending on the overall workload of the cluster. 
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Population 

Size 

Generations Number of 

Children 

Elite 

Size 

Size of 

NonDom.
1
 

Mutation 

Probability 

Standard 

Deviation
2 

100 30 200 5 300 80 % 15 % 
1
size of non dominated individuals storage 
2
1
st
 gen., linearly decreased with increasing no. of generations 

 

Table 6: Optimization settings for the genetic algorithm GAME 

 

Results. In Fig. 4, the Pareto-optimal solutions of the 2-goals and 3-goals optimization runs are 

shown in the ‘mass-deflection’ plane. For a wide range of the Pareto-front, the designs have a 

similar mass and deflection performance. The 2-goals optimization generates better results only for 

very light designs. The designs 2G1, 2G2 and 3G1-4 represent different possible solutions. Their 

corresponding cross sections are displayed on the right side of Fig. 4. 

 

 
 

Fig. 4: Result of the 2-goals and 3-goals optimization in ‘mass-deflection’ plane 

 

In Table 7, the design variables and the goals of the highlighted solutions are listed. All profiles 

are made of Magnesium with carbon fiber reinforcement (material and actual manufacturing cost 

were not considered!) and the width B is at its upper boundary. Design 2G1 and 3G1 have small 

masses and large deflections. This is caused by a very small height, H, which is approximately half 

the height of the other designs. In the 2-goals optimization, a two-stiffener design for all Pareto-

optimal solutions evolved during the optimization run. To reach similar mechanical performance 

without stiffeners, the design 3G1 has a higher reinforcement ratio 2f  in the vertical walls of the 

cross section. This indicates that, with regard to the local residual stresses, a simple hollow profile 

with a higher reinforcement ratio has better results than a multi-chambered cross section. 

Designs 2G2 and 3G2 have a very small deflection of less then 2.4 mm. Taking the local residual 

stress performance measure into account, a higher overall reinforcement ratio and considerably 

different maximum and minimum wall thickness are preferable to a complex multi stiffener layout. 

Design 3G3
 
has only slightly worse mechanical properties but a much smaller resPM . The lowest 

local residual stresses are predicted for design 3G4 which has no reinforcement at all. This good 

suitability for subsequent manufacturing processes comes with a ~5% higher deflection. 
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Parameter Unit 2G1 2G2 3G1 3G2 3G3 3G4 

R [1] 0.697 0.109 0.269 0.048 0.000 0.000 

H [mm] 23.400 48.200 22.100 45.700 45.200 44.400 

B [mm] 90.000 99.200 91.100 100.000 100.000 98.300 

b1 [mm] 4.700 6.200 6.600 8.100 7.300 8.600 

b2 [mm] 6.000 5.200 6.800 5.900 7.800 5.200 

b3 [mm] 3.000 2.600 - - - - 

b4 [mm] - - - - - - 

b5 [mm] - - - - - - 

b6 [mm] 2.500 2.800 - - - - 

f1 [%] 1.8 3.1 1.7 22.8 15.3 0.0 

f2 [%] 6.0 5.4 16.3 12.1 7.6 0.0 

Mat. M - Mg/CF Mg/CF Mg/CF Mg/CF Mg/CF Mg/CF 

Mass [kg] 2.618 4.007 2.781 4.021 4.025 4.011 

Deflection [mm] 3.040 2.335 3.042 2.358 2.386 2.474 

PMres [1] - - 0.492 0.560 0.484 0.349 

 

Table 7: Design variables and goals of six selected designs of the solution 

 

In Fig. 5, the Pareto-optimal solutions of the 3-goals optimization are given for the other two 

projections of the three goals. Whereas the left diagram provides basically the same information as 

Fig. 4, the right diagram ‘Performance Measure over Mass’ clearly indicates the jump from profiles 

with low local residual stresses to profiles with high local residual stresses for designs with a mass 

less then 3 kg. 

 

 
 

Fig. 5: Results for the 3-goals optimization projected to different planes 

 

The different optimal designs also have different limiting constraints ( 0≤ig ), which are shown 

in Fig. 6. The curves are related to the minimum and maximum mass profile respectively. For the 2-

goals optimization, the minimum mass design is restricted by the deformation in the first load case, 

1LFu , and the stresses perpendicular to the embedded continuous reinforcing elements in load 

cases 1 and 2 (
⊥1σ ,

⊥2σ ). The maximum mass design is limited by 1LFu  and the two buckling 

constraints for 2λ  and 3λ . The latter indicates an unfavorable thermal deformation behavior for 

such profiles. 
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For the 3-goals optimization, the minimum mass design is restricted by 1LFu , 
⊥2σ  and 2λ  

whereas the maximum mass design is restricted by the first eigenfrequency 1ω  and 1LFu . 

 

 
 

Fig. 6: Constraints for the min./max. mass designs of the 2-goals and 3-goals optimization 

Summary 

In this paper, the authors investigate a method to implement qualitative knowledge into 

multiobjective optimization problems. With the help of knowledge acquisition techniques, fuzzy 

models are built for influences for which little or no simulation or test data is available. The method 

is demonstrated on the optimization of an extruded hollow profile in a vehicle space frame. The 

manufacturing of reinforced, curved aluminum and magnesium profiles leads to local residual 

stresses, which are unfavorable for subsequent manufacturing processes, and can't be eliminated by 

a heat treatment. A qualitative performance measure for the residual stresses is approximated with 

the help of expert knowledge. 

The described optimization runs showed the benefits of the approach. A 2-goals optimization for 

just the mechanical performance resulted in complex profile cross sections. The optimal designs of 

a 3-goals optimization, also taking into account the qualitative residual stress performance, have 

similar mechanical performance but considerably better predictions for the local residual stresses. 

Reinforcement is preferred to the use of stiffeners. 

The knowledge based approximation models can provide only a rough estimation and further 

investigations are necessary to take these uncertainties into account during the optimization process. 

This affects not only the approximation model itself, but also the optimization algorithm. The 

proposed method is a promising complement to other soft computing techniques utilized in early 

product development stage optimization. 
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Abstract. This article describes a clamping concept for the flexible machining of spatially curved 

profiles developed at the wbk Institute of Production Science of the Universität Karlsruhe (TH).  

Simple geometrical considerations form the basis of the prototypically implemented clamping 

system design. The approach presented in this article allows for accuracy improvements regarding 

the positioning of the profile in the clamping system on the basis of markings applied onto the 

surface of the profile. Besides, the preliminary test rig set up and first results on the detection of the 

markings by means of digital image processing are presented. 

Introduction 

Automated small-batch production calls for a high degree of flexibility and adaptability in terms 

of both equipment and processes. This demand is one of the most urgent requirements and at the 

same time one of the most difficult to comply with for equipment and processes that are directly 

related to the products to be manufactured [1]. As far as the Collaborative Research Center (SFB) 

Transregio 10, which focuses on the small-to-medium batch production of space frame structures, is 

concerned, the call for a high degree of flexibility poses a major challenge to the handling and 

machining processes and to in-line quality measurements. Spatially curved profiles require 

machining along the entire profile length at different positions throughout the whole machining 

process. Control of the profile geometry has to be performed by a quality assurance system 

integrated into the machining process. 

The highly flexible clamping devices partly used in the aviation industry for small-batch 

production can variably adapt to a three-dimensional profile contour. The profiles are secured at 

several flexibly adaptable clamping points along the entire profile length [2]. It must be pointed out, 

though, that highly flexible fixtures like these are very complex in terms of construction and design, 

requiring enormous investment. Adapted clamping fixtures, which clamp the profile at several fixed 

positions, are an alternative to the complex clamping system described before. Here, the clamping 

elements consist of modular standard clamping elements, which can be swapped manually in order 

to adapt the fixture to the product [3, 4, 5, 6]. Machine concepts for the machining of straight 

profiles with constant cross-sections allow for the use of geometrically simple clamping system 

constructions, due to the fact, that the orientation of the profiles surface does not change in 

reference to the clamping system. If required, the flexibility of these systems can be improved with 

clamping jaws adapted to the profiles geometry, which also are used for complex cross-sections or 

thin-walled profiles [7]. The highly flexible clamping systems as well as the adapted clamping 

fixtures necessitate the feed range of the machines kinematic mechanism to be at least as large as 

the component itself. For the automated handling of components predominantly additional devices, 

e.g. industrial robots or special-purpose machines are used. The processes of loading and unloading, 

however, are manual in small-batch production. In small-batch production, the profile geometry is 

currently mostly controlled on the basis of individual testing using either coordinate measurement 

systems or product-specific gauges. Any in-line quality assurance guaranteeing 100% of control 

would require enormous time and effort. Taking the above considerations into account, the 
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processes for quality assurance regarding profile handling and clamping currently used in the 

industrial environment are only conditionally suited for automated small-batch production. 

 For the purpose of eliminating the disadvantages of conventional machine concepts, a novel 

concept minimizing the above-mentioned downsides of conventional machine technology has been 

elaborated out of the close collaboration between the two subprojects “Flexible and intelligent 

gripping systems” and “Combined kinematic handling and machining mechanism” [8]. Figure 1 

shows the model of the elaborated machine concept. The profile in question is gripped by an 

industrial robot, subsequently guided through a flexible clamping system and positioned there. Once 

the profile has been clamped, it is machined by the kinematic machining mechanism. The profile is 

repositioned by the industrial robot to allow it to be machined along its entire length. The machining 

process itself and its features are explained in the following paper of this issue (Accuracy 

Improvement of a Machine Kinematics for the Product Flexible Machining of Curved Extrusion 

Profiles).  

 

machining kinematics

curved

profile

flexible clamping fixture

industrial robot

 
Figure 1: Model of an overall machine concept for the flexible machining of 

spatially curved profiles 

Design of the machining and clamping concept  

In order to decouple the clamping process from a profile’s three-dimensional geometrical shape, 

the clamping concept that has been developed distinguishes between the two functions “clamp 

profile“ and “determine position of profile“. If the physical profile contour is reduced to the 

profile’s center line, it will always be possible to position this center line to meet two fixed points 

P1 and P2 (Figure 2, left). This purely geometrical approach can be used to determine four degrees 

of freedom of the curve, i.e. two rotational and two translational ones. The two degrees of freedom 

that are yet to be determined would consist in a movement of the profile along the x axis and its 

rotation about it in the local coordinate system, the x axis being the connecting line between points 

P1 and P2. If applying this approach to a physical clamping system, it would be possible for almost 

each profile geometry to meet two support points at the same time. As a physical profile cannot be 

reduced to its own center line, the number of imaginary support points needs to be raised to four. 
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Technology-wise, this approach may take the form of two lines each perpendicular to one another 

and molded as stop angles (Figure 2, right). Depending on each profile’s cross-section, the contact 

patch between the profile’s surface and the stop angle may take the shape of either points or lines.  

If the profile’s cross-section has got a circular shape, there will be one punctiform contact patch 

between the profile and each of the four stop angles (Figure 2). This serves to determine both, the 

position of the profile and the above-mentioned profile center line in four degrees of freedom. 

 

3D-profile

2 stop angle

2 stop angle

P1

P2

3D-curve

x

z

y

 
Figure 2: Spatial positioning of a three-dimensional curve 

 

 The two degrees of freedom being yet undetermined are narrowed down on the basis of the 

developing overdetermination of the system by means of a second gripper which is attached to an 

industrial robot. The function “clamp profile” was implemented by means of two clamping units 

that are adaptable to any workpiece surface geometry and attached next to the stop angles. This 

principle is described in detail in [9] and [10]. Machining of the profile takes place between the two 

clamping units. In case the profile requires machining outside this area, the industrial robot pushes it 

to the desired location with the gripper, where it is clamped again and machined. The pushing 

movement requires the stop angles of the prototype to be shaped as stop rollers. This way, the 

profile surface cannot be damaged during the pushing process. The prototypical design of this 

machine concept can be seen from Figure 3. The position of the stop rollers has been highlighted 

with white in the enlarged view of the clamping system shown in Figure 3. This picture does not 

include the kinematic machining mechanism arranged opposite the clamping system. The gripper 

has been gimbal-mounted to the chassis with a rotary and a swivel axis in order to ensure that 

boreholes will always be drilled perpendicular to the profile, for example. Each of these axes has 

been endowed with an angle measurement system, but neither has got its own drive. Both axes are 

indirectly driven by the industrial robot which is linked to the clamping system via the gripped 

profile. The results of the angle measurements are transferred to the robot control for angle 

readjustment. During machining both axis are mechanical fixed. This enables a direct force flow 

from the cutting tool over the profile to the machine base [9]. 
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stop rollers

 
Figure 3: Prototype of the clamping system with clamped profile 

An approach to profile positioning  

The two degrees of freedom that cannot be determined on the basis of the mechanical stops have to 

be identified by means of a metrological approach. The measurement results can either be 

transferred to the industrial robot for fine positioning of the profile, or to the NC control of the 

kinematic machining mechanism for a correcting motion of the tool. Therefore, the section is 

measured from a reference point on the profile surface. The first test results have already been 

described in [11]. Markings applied onto the profile surface produced the best results in previous 

tests [12]. If several markings can be geometrically related to each other, these markings can be 

considered a form of “component-specific gauge“ positioned on an imaginary line on the profile 

surface. 

If the gaps between the markings can be made sufficiently accurate to allow for the exact 

positioning of the profile, the gauge can be considered precise in relation to a reference mark. The 

gauge can then be used as the measurement standard. 

The following paragraph describes a way to identify the position of the profile by the example of a 

linear profile with a circular cross-section under these circumstances. The industrial robot positions 

the profile at the initial target position where the reference mark has been made. If there is no 

absolute position allocation for the markings, they need to be approached by the industrial robot one 

by one and analogically recorded in an incremental measurement system. The gaps then need to be 

totaled. Another possibility would be to give the marking an absolute reference by adding additional 

information. The simplest variant would be a number combination or a different form of coding. It 

might also be possible to integrate the absolute reference into the shape of the marking, for instance 

through circles with different diameters. The center of the circle would refer to the position, whereas 

the surface area would relate to the absolute reference. Other possible shapes are looked at in the 

following work steps. 

In case it is impossible to achieve sufficient accuracy for the markings on the profile, there are 

two options. The markings can either be put on with repetitive accuracy or with variable accuracy, 

i.e. “subject to errors”. Either way, it would be impossible to simply read out the markings at a 

random point on the profile. This being the case, the gauge on the profile could not be used as the 

measurement standard. It would be possible, though, to use a measurement system like a image 

processing system, for example, to measure the gap between two adjoining markings iM  and 1+iM . 

The measurement would have to be carried out on the basis of a reference mark as well. If a gap 
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between two markings is too large to be measured with sufficient accuracy by one measurement 

system only, the distance between the markings   

 

aaA
ii MM ∆+=
+→ 1

             (1) 

 

needs to be determined via a second measurement system positioned at the known distance a to 

the first measurement system (Figure 4). ∆a is the deviation between the target and the actual 

position of the marking 1+iM . The resulting actual distance 
1+→ ii MMA  between two adjoining 

markings needs to be buffered in a calibration file and allow for allocation to the respective marking 

at any point in time along the process chain. To permit calibration of the gauge along the entire 

profile length, the profile needs to be moved forward to the next marking by the industrial robot, a 

process that requires repetition until all markings have been recorded and stored in the calibration 

file. 

For this approach to be applied to curved profiles, the profile geometry between the adjoining 

markings needs to be known also, because the above-described procedure is limited to the 

identification of the projected gap between two markings (Figure 4). Given that the geometry 

between two markings is known, the developed length of the imaginary surface line can be 

calculated. Figure 4 shows the schematic illustration of the metrological design with two flat 

profiles, one linear and one with a constant radius. 
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Figure 4: Schematic illustration of the calibration of two adjoining markings 

 

In both cases, the fault ∆a is measured on the basis of image processing, and then used to 

determine the actual gap between the two adjoining markings iM  and 1+iM . The developed length 

of the curved profile exceeds the gap between the markings on the linear profile as 
1+→ ii MMS . The 

length 
1+→ ii MMS  can be calculated with  
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for a segment of a circle with the known outside radius r and the measured fault ∆a. In order to 

move the profile to other positions, it needs to be continuously forwarded from one marking to the 

next, and the measurement process needs to be repeated as many times as necessary until the desired 

position has been reached. The markings should be applied onto the profile with a gap as big as 

possible between them. This prevents unnecessarily slowing down the process and minimizes the 

measurement faults resulting from totaling as much as possible.  

If the profile geometry between two markings is not known, it needs to be metrologically 

identified, too. If the described procedure is applied to curved profiles with a non-constant radius or 

to spatially curved profiles, the mathematical description of the profile contour requires a splin 

interpolation. An optical sensor measuring two dimensions and operating on the basis of the 

triangulation method is used to identify the profile contour between the support points. The profile 

sensor is positioned opposite the profile and moved across it by means of a linear axis. A schematic 

illustration of the design can be seen from Figure 5. The distance )( ixz∆  between the sensor and the 

profile is measured at different points ix . If the profile is spatially curved, the transverse direction 

)( ixy∆  of the profile sensor is additionally measured at each measuring point ix . The resulting 

measurement results can be used to calculate the length of an imaginary surface line between two 

adjoining markings, approximated via a cubic spline, by means of a line integral. The calculated 

length matches the gap between the two markings as stored in the calibration file.  
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Figure 5: Design of the measurement devices for profile positioning and contour measurement 

 

  For this design to be implemented and for the described measurements to be performed in-line, 

the described measurement system needs to be integrated into the kinematic machining mechanism 

opposite the clamping system in the long run. It will then be used to achieve the correct positional 
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arrangement of the measuring devices in relation to the profile. To allow for the profile to be 

measured according to the above-described approach and for the gauge to be read, it needs to be 

ensured that the gripping system is correctly aligned during the measurements, i.e. that the rotatory 

and the swivel axes of the clamping system are each set to 0° by the industrial robot. Any angle 

other than 0° would cause the mechanical guide rollers to tip in relation to the measurement system 

and thus, leads to faulty camera and profile sensor measurements. Figure 6 shows the relevant 

principle of the control process of the industrial robot and the clamping system for a gauge that is 

“subject to error“. 
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Figure 6: Control process during profile positioning 

Marking application and detection  

Numerous tests showed that the best and easiest way to position and align the profile is by using 

markings on the surface of the profile. The tested markings were applied onto the profiles using a 

marking laser. This method offers the advantage of being able to apply the markings with high 

accuracy and speed. These are the prerequisites to be met if the markings are to be applied 

simultaneously with the extrusion process, i.e. in-line, to avoid an additional process step having to 
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be integrated into the process chain. In order to prevent the marking process from interspersing the 

surface of the profiles with notches, the labeling process is adjusted to allow for a low application of 

energy into the material only to just slightly roughen the surface. The resulting markings are not 

easily visible, though, since depending on the incidence of light contrast might be low. This poses a 

challenge to an automated reading of the markings by means of a camera system. For this reason, 

tests with different lighting equipment were carried out. The highly reflecting aluminium surface 

may have a negative impact on image evaluation. The reflections may be reduced by using diffuse 

or polarizing light, for example [13]. If the profile surface is illuminated with polarizing light, the 

light reflected from the profile surface will also be polarized. This very light can be blocked by 

means of an analyzer installed in front of the camera objective. The analyzer is only light-

transmissive if the light does not vibrate at the same polarization level as the reflected light. Faults 

on the profile surface or the surface sections roughened by the laser beam scatter the light diffusely, 

thus allowing a large part of this light to pass through the analyzer. As a consequence, the image 

produced by the camera shows the faint markings of the profile as bright against the unlabeled 

profile surface creating a high-contrast image, thus facilitating digital image processing (Figure 7, 

below). 

 

without optical filter

with optical filter

 
Figure 7: With and without optical filter 

 

In order to measure the position deviation of a profile along its longitudinal axis and its rotation 

about it via image processing, a program was set up which is able to calculate the coordinates of the 

intersecting point of a marked cross and to transfer them to a primary control like the robot control, 

for example, via a serial interface (Figure 8, left). The absolute allocation of this intersecting point is 

ensured by a number combination positioned alongside the cross which is identified via character 

recognition. Figure 8, right, shows the binarized image of the marking. 

 

 
Figure 8: Illustration of cross and number 
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Set-up of the preliminary test rig and first results  

Prior to integrating the measuring devices schematically illustrated in Figure 4 and Figure 5 (camera 

1 & 2, profile sensor and linear axis with measurement system) into the gripping system or the 

kinematic machining mechanism respectively, they were incorporated into the preliminary test rig in 

a first step (Figure 9). The test rig serves to test the approach to profile positioning by means of 

component-specific markings and to profile measurements under ideal conditions and to identify the 

achievable accuracies. The theoretical resolution of the camera resulting from this test setup totals 

approx. 17,5 µm for a display detail of approx. 28 x 25 mm. 
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Figure 9: Preliminary test rig for profile measurements 

 

In order to evaluate the system accuracy – camera with objective and lighting – one marking was 

measured several times without moving the profile between measurements. The x and y positions 

were determined in 400 measurements. Figure 10 shows the measured deviations. It became clear 

that the x position can be determined with a standard deviation of 8,1=
x

σ µm, whereas this value 

amounts to 0,3=
y

σ  µm for y. The slightly lower accuracy in y direction partly originates from the 

fact that the profile surface was strongly curved (r = 20 mm). The conversion of the y deviation into 

the profile twist results in a standard deviation of "2,31=σ  for a profile with a radius of 20 mm. 

These results suggest that the use of an image processing system for the detection of markings is not 

only flexible but also allows for a high degree of accuracy. 
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Figure 10: Probability density above the x and y deviations during marking detection 

Summary and outlook  

This article presents an approach that allows for the flexible clamping and machining of spatially 

curved profiles by means of a novel machine concept elaborated at the wbk Institute of Production 

Science. It then moves on to explain, on the basis of the previous results, the use of mechanical 

stops to determine the position and alignment of almost any profile contour inside the prototypically 

implemented clamping system. An approach based on profile-specific markings was presented 

allowing for metrological identification of the non-identifiable degrees of freedom via mechanical 

stops. The respective accuracy achievable when applying the above-mentioned gauge within the 

process chain was identified. Depending on the accuracy of the gauge, different metrological and 

control methods need to be chosen for the determination of position and alignment. In addition, the 

first results from gauge detection on the basis of digital image processing were presented.  

Subsequent research will look into the ideal design of the markings on the profile surface and the 

achievable positioning accuracies with physical clamping systems on the basis of the above-

described approach. Besides, the approach to profile positioning with gaugess subject to errors will 

be extended in that the entire three-dimensional profile contour is to be identified in-line on the 

basis of the measurement results gained from the profile sensor. 
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Abstract  

Within traffic engineering, the importance of lightweight space frame structures continuously 

grows. The space frame design offers many advantages for light weight construction but also brings 

challenges for the production technology. For example, the important requests concerning product 

flexibility and reconfiguration can only be achieved with a high technical effort, if current machine 

technology is used. For this reason, the collaborative research center SFB/TR10 investigates the 

scientific fundamentals of a process chain for the product flexible and automated production of 

space frame structures.  

An important component in space frame structures are curved extrusion profiles. Within the 

investigated process chain, the extrusions must be machined mechanically in order to apply holes 

and to prepare the extrusion ends for the following welding operation.The machining is currently 

done by clamping the profile into a fixture and processing it within a machining center. This 

procedure has two disadvantages due to the complex geometry and the partially high length of the 

extrusion profiles: On the one hand, a complex fixture is needed for clamping the work piece [1]. 

On the other hand, a machining center with a large workspace and five machine axes is required [2]. 

Due to this, the product flexible machining with current technology is only possible with high 

technical and economical effort. For this reason, a new machine concept for the product flexible 

machining of three dimensionally curved extrusion profiles was developed at the University of 

Karlsruhe. In this paper, the function of the machine is explained and a prototype is presented. In 

addition, investigation results of the machining accuracy are shown and possibilities for improving 

the precision are discussed.   

Machine Concept for Product Flexible Machining 

Based on a systematic approach for integrating handling and machining capabilities [2], the machine 

concept shown in figure 1 was designed. It is build up out of three major components: An industrial 

robot, a parallel kinematic machine tool and a flexible clamping device which is located in between.  
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Figure 1: Machine Concept (wbk) 

 

The industrial robot is used for the handling tasks which result from the process chain. In 

addition it also supports the machining process by moving the extrusion profile within the clamping 

device in order to position the workpiece area which is to be machined next to the tool center point. 

The machining angle can also be adjusted by turning the rear end of the profile around the clamping 

device. For this, the clamping unit is pivoted and possesses two rotational degrees of freedom that 

allow a rotation around the tool center point. After having adjusted the desired angle, the rotation 

axes can be blocked for reaching a high stiffness [1]. The translational movements between tool and 

workpiece needed for machining are executed by the parallel kinematic machine tool which was 

optimized for this task [3].  

The machine concept several advantages. The number of required degrees of freedom of the 

machining kinematics can be reduced by adjusting the machining angle with the industrial robot. In 

addition the entire workpiece can be machined without needing a clamping fixture which was 

adapted to the longitudinal geometry of the extrusion. The required work space of the machining 

kinematics can also be reduced significantly which enables a high potential for reducing costs. 

Figure 2 shows the prototype of the machine concept.  
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Figure 2: Prototype (wbk) 
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The three main components (robot, parallel kinematics and clamping device) are controlled by 

the robot control (KRC2 control) and a free programmable real-time interface (dSPACE system). 

Figure 3 shows the architecture of the entire control system. The procedure of the machining 

process is defined in the robot control. With the help of this control, all movements needed for 

handling and positioning the workpiece are executed. After having positioned the extrusion within 

the clamping device, the robot control sends a digital signal to the dSPACE system. This part of the 

control executes the clamping action and enables the machining movements of the parallel 

kinematics which were defined in an NC-program previously. The dSPACE system and the 

frequency converters together form a cascaded position control. The superposed position control, 

the required coordinate transformation and the error compensation are executed in the dSPACE 

system while the velocity and current control is located in the frequency converters.  

When the machining action is done, a digital signal is sent to the robot control in order to move 

the workpiece to the next machining position.  

 

Offline 

Path Generation
NC-Program

KUKA

Robot Control
dSPACE

Robot

Frequency

Converters

Gripper
Parallel

Kinematics

DIG I/O

DIG I/O

Analog I/O

Motor Current /

Position Values

Profile Geometry

 
Figure 3: Control System 

 

In order to move the extrusion profile precisely within the clamping device, a complex robot path 

must be generated which can not be done with conventional programming procedures. For this 

reason, the robot path is calculated with the help of a CAD-based kinematic model which precisely 

simulates the gliding movements of the extrusion on the positioning rolls of the clamping device 

[4]. Thus, the angular movements of the robot axes can be determined which result from a 

longitudinal and angular movement of the extrusion in the clamping device. The recorded data are 

transferred to the robot control. This method is similar to the procedure which is used within the 

collaborative research center for creating the tool path for the flying cutting [5].  

Examination of the Positioning Accuracy 

The offline path generation described above enables an easy creation of machining programs also 

for complex workpiece geometries. This is a prerequisite for a quick reconfiguration of the 

production system for new work pieces as it is necessary in a product flexible production. Due to a 

limited accuracy of the robot and deviations between the geometry of the kinematic model used for 

programming and the real machine, a limited positioning accuracy is expected. The precision of the 

parallel kinematics could be improved by an error compensation as described in [3], so that this part 

of the system does not cause major errors. Yet, the precise positioning of the workpiece within the 

clamping device is still a challenge. These deviations can already be limited by fixing the extrusion 

using positioning rolls. This way the extrusion position is always clearly defined orthogonal to the 
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longitudinal workpiece axis. The remaining deviations are errors in the longitudinal position and the 

machining angle.  

The precession which is aspired within the collaborative research area SFB/TR10 is a deviation 

of ± 0.1 mm on one meter workpiece length. The desired angular precision is ± 0.01°. In order to 

quantify the actual deviations, positioning experiments were performed. Figure 4 shows the 

experimental set up.  
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Figure 4: Experimental Set Up 

 

The experiments initially focus on the positioning of a straight profile. Due to the fact that the 

error influences are the same for straight and curved extrusions, it can be assumed that the 

deviations for curved workpieces have the same dimensions. At first, the straight extrusion is 

shifted through the clamping device in five 200 mm steps and then moved back to the initial 

position. Next, the workpiece is rotated in 15° steps around a total angle of 90° around the turning 

axis of the clamping device (x-axis in figure 4). Finally the profile is turned ± 15° around the tilting 

axis (z-axis in figure 4). In each step the deviations of the two angles (turning and tilting angle) as 

well as the deviation of the longitudinal workpiece position are determined with the help of a 

coordinate measuring system. The angular deviations can precisely be determined by measuring the 

orientation of the workpiece surfaces. The longitudinal error is measured with help of an index hole. 

The following figure shows the results of three exemplary measurements. 
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Figure 5: Longitudinal Deviations 
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Figure 6: Angular Deviations 

  

Figure 5 shows the longitudinal deviations of the profile. The maximum error is 0.25 mm and 

occurred after a displacement of 200 mm. When the experiment is repeated, the error pattern shows 

a similar progress. Yet, an error distribution within a range smaller than 0.1 mm can be recognized. 

This distribution can be referred to the repeatability of the industrial robot which is in the range of 

± 0.1 mm, according to the manufacturer.  

In Figure 6 the angular error is shown for different work piece orientations. The left side of the 

diagram refers to a rotation around the turning axis (x-axis), in the right side the profile is tilted 

± 15° around the z-axis. The maximum deviation of the turning angle is 0.25° and occurs for a 

desired angle of 30°. The maximum error of the tilting angle is 0.19°. The repeatability of the 

rotation has turned out to be very good. This is also shown by the similar values for the different 

zero-positions (value 1, 8, 10 and 12 in figure 6). The errors follow a non-linear pattern for both 

rotations. In addition, it can be seen that the turning and tilting angle have only a small 

interdependency. According to this observation, the two angles can be corrected independently. In 

conclusion, the absolute deviations must still be improved in order to reach the aspired accuracy.  

Approach for Accuracy Improvement 

The major influences for the observed positioning errors can be summarized as follows: 

 

• geometrical deviations between the kinematic model and the real machine 

• deviating workpiece geometry 

• clamping errors 

• insufficient accuracy of the industrial robot  

 

The geometrical deviations between the machine prototype and the kinematic model used for 

programming were eliminated as far as possible by measuring the position and orientation of the 

clamping device and the robot using a coordinate measuring system. The programming model was 

adapted to the deviations afterwards. A compensation of the influence of the workpiece geometry is 

more problematic. In order to position the workpiece precisely in the clamping device, the entire 

kinematic chain consisting of robot and extrusion profile must perform a high accuracy. In order to 

reach this aim, an improved accuracy of the robot in not sufficient. In addition, the geometry of 

every single workpiece must be determined and the robot path must be adapted adequately. Due to 

the fact that this procedure has a high technical and temporal effort, a different approach was chosen 

in order to enhance the machining accuracy.  

The deviations of the workpiece position and orientation are detected by sensors directly located 

in the clamping device and can afterwards be compensated by a correction movement of the robot. 
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In order to detect the angular deviations of the extrusion, two rotary encoders were integrated into 

the clamping device. For a detection of the longitudinal errors, different approaches were 

investigated at the Universität Karlsruhe (TH) [6]. A procedure which is based on an image 

processing system seems to be very promising. This procedure is described more detailed in the 

paper “An approach to accuracy improvements in the flexible machining of curved profiles” of this 

issue.  

After having detected the deviations, they can be reduced by correcting the position of the robot. 

For this, it is necessary to calculate the corrected robot coordinates in dependency on the sensor data 

and the actual position of the extrusion profile. Due to the complex geometry of the extrusion 

profiles this calculation seems to be very complex in the first instance. The following geometrical 

considerations show how the corrected coordinates are calculated for deviations of the turning 

angle, the tilting angle and the longitudinal position. It is shown, that the corrected position can be 

determined independently from the extrusion geometry.   
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Figure 7: Rotation of the Extrusion 

 

Figure 7 shows the arrangement of the rotational axes and the industrial robot. The point of 

origin (0) marks the center point of rotation of the clamping device. The vector p1 describes the 

distance between the point of origin and the center point of the robot gripper. The coordinates of p1 

in relation to the center point of rotation can be accessed from the robot control. For this, the real 

center point of the clamping device and the robot gripper were measured and set as base and tool 

coordinate system in the robot control. Thus, the base coordinate system of the robot has the same 

position and orientation as shown in figure 7. The rotational axes of the clamping device allow the 

workpiece to turn around the x- and z-axis, whereas a turning around the x-axis changes the 

orientation of the z-axis. A rotation of the extrusion (p1 � p1’) can therefore be described with a 

rotation of the x-axis and a following rotation of the z-axis. The rotation around the x-axis can be 

calculated with help of the rotary matrix Rx, whereas α represents the corresponding turning angle 

[7].  
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The rotation around the z-axis (tilting angle β) can be described with Rz: 
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The total rotary matrix RM can be calculated by multiplying Rx and Rz: 

 

RxRzRM ⋅=             (3) 

 

If an angular deviation of the x-axis (dα) is measured, it can be compensated by a rotation around 

the x-axis of the base coordinate system. In practice, the robot can perform such an action with a 

circular movement. However, the end point of the path must be known for this. The point can be 

calculated independently from the workpiece geometry, as shown in figure 8. 
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Figure 8: Angular Compensation 

 

The end point of the path p1’ can be determined with help of the actual position of the robot 

gripper p1 and the angular deviation (dα). It can be calculated with the rotary matrix Rx as follows:  

 

1'1 pRxp T ⋅=             (4) 

 

The robot paths which are needed for compensating the deviation dα shown in figure 8 are the 

same for both extrusion geometries. If a deviation dβ of the tilting angle (z-axis) needs to be 

compensated, it must be considered that the tilting axis is changed with a rotation of the x-axis (z � 

z’). Even though the robot gripper has the same position for both extrusions in the figure above, the 

orientations of tilting axes are different because the right extrusion was rotated about the angle α. 

For compensating the deviation dβ, a second end point (p1’’) must be calculated. This can be done 

with help of the turning angle α, by transforming the actual position p1 (which is only known in the 

base coordinate system) into the rotated coordinate system (x’,y’,z’), performing a rotation around 

the z-axis about dβ and, in a last step, transforming the new point back into the original system. The 

equitation for calculating the coordinates of p1’’ in the base coordinate frame (x, y, z) is the 

following:   

 

1''1 pRxRzRxp TT ⋅⋅⋅=           (5) 

 

Longitudinal deviations must theoretically be compensated by a movement which follows the 

extrusion contour. For a straight extrusion, a linear path is sufficient. Yet, for a curved extrusion the 

robot gripper must theoretically also follow a curved path for avoiding tensions in the kinematic 

system. If the curve radius of the workpiece contour is large compared with the longitudinal 

displacement, the compensation path can be very well approximated with a linear motion. This is 

clarified in figure 9:  
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Figure 9: Approximation of the Longitudinal Compensation Path 

  

In figure 9 the curve radius of the workpiece is assumed to be 500 mm, which corresponds to the 

minimal workpiece radius of the extrusion profiles regarded in the collaborative research center. 

The deviation which is to be compensated is assumed to be 1 mm. This is a realistic value 

corresponding to the previously performed measurements. If the compensation path is approximated 

with a linear motion, the deviation along the x-axis is smaller than 2 µm. According to this, small 

longitudinal deviations can be compensated with the procedure shown in figure 10.  
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Figure 10: Longitudinal Compensation 

 

A measured deviation can be send to the robot control as a scalar value (a). The required position 

p1’ can be calculated with the orientation of the clamping device (α and β), the corresponding rotary 

matrix RM and the actual position p1 as follows:  

 

'11'1 dypdyRMpp T +=⋅+=          (6) 

 

The vector dy can be calculated with the deviation a and the unit vector ey:  
 

eyady ⋅=             (7) 

 

If the workpiece has a small curve radius, the compensation of a longitudinal deviation can lead 

to small angular errors. According to this, it is reasonable to compensate the longitudinal deviations 

first and correct the orientation afterwards. In a next step, the rotational axes of the clamping device 

can be blocked in order to ensure a correct orientation while machining the workpiece. Based on the 

calculations shown above, a sub program was integrated into the robot control which can be 

accessed by the main program after each positioning step and performs an automatic correction of 

the workpiece orientation. With this procedure, new positioning measurements of the workpiece 

were performed.  
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Positioning Accuracy with Compensation 

The positioning accuracy with compensation was measured by new experiments. In order to 

guarantee the function of the compensation procedure for all eight space segments of the base 

coordinate system, the positioning experiment described above was extended. The turning angle is 

changed stepwise from 15° to -195°. In every step, a tilting angle of -15°, 0° and 15° is adjusted. 

After each positioning step, the sub program for error compensation is performed. Figure 11 shows 

the deviations before and after the compensation procedure. 
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Figure 11: Deviations before and after Compensation 

 

With the compensation procedure, a deviation <0.012° could be achieved in every position. This 

accuracy is sufficient for a precise machining. The duration of the procedure depends on the size of 

the error. The complete compensation takes between two and four seconds so that no appreciable 

non-productive time is added. The compensation time can be reduced further, if the robot speed is 

increased. Yet, a higher speed of the compensation movement can lead to larger deviations after 

compensation. If a lower target value is aspired (e.g. 0.04°) a compensation time smaller than two 

seconds can probably be  reached. This will be investigated in further experiments.  

For an automated compensation of the longitudinal deviations, the corresponding measuring 

system must be integrated into the clamping device first. This will be the aim of future work. 

Experiments in which the longitudinal error was measured manually have shown that a longitudinal 

accuracy of ± 0.025 mm is possible if the nominal value is approached gradually. Thus, the aspired 

accuracy should be achievable with the implemented measuring system.  
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Summary 

A new machine prototype enables the product flexible machining of three dimensionally curved 

extrusion profiles with small technical effort. In order to achieve a high machining quality, a precise 

positioning of the workpiece is necessary. It could be shown in experiments that the positioning 

accuracy shows a high repeatability. The absolute error must yet be reduced in order to reach the 

aspired accuracy. For this reason, a compensation approach was developed. After having send 

sensor data to the robot control, a corrected position is calculated and the error is compensated 

automatically. By this, the angular precision could be enhanced significantly. The following work 

will concentrate on implementing an automated longitudinal compensation. In a next step 

experiments on positioning and machining curved extrusions will be performed.  
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Abstract. Compound extruded unidirectionally reinforced profiles are heterogeneously 

reinforced metal matrix composites. Profiles made from this material show a different 

mechanical behaviour than classical composite components. Homogenized material properties 

are required for an efficient design process. Within this paper an approach is shown to provide 

homogenized data for stiffness and strength for compound-extruded components. The 

usability of the Tsai-Hill failure criterion is investigated, and shown for cases with negligible 

residual stresses. Load cases including thermal stresses cannot be investigated by the Tsai-

Hill failure criterion.  Within the failure investigation a procedure is shown to include residual 

and thermal stresses.   

Introduction 

Extrusion profiles are used widely for frame structures, e.g. space frames in the automotive 

industry.  Metal matrix composites (MMCs) have been researched and used for some decades. 

Most MMCs have the advantage of a high mechanical performance coming with the 

disadvantage of randomly orientated reinforcements or very high production costs. The 

production and utilization of heterogeneously 

reinforced metal matrix composites profiles 

(HRMMC-profiles) is investigated within the 

DFG collaborative research centre, TR-10. This 

new material provides the opportunity to bridge 

the gap between low cost and high performance 

with. Wire reinforced extrusion profiles are metal 

matrix composite profiles with a number of steel 

or other types of wire reinforcements. These are 

investigated in this paper according to their 

behaviour under mechanical loading. An 

investigation of material properties of compound 

extruded composites with different configurations 

is shown in [1]. Compared to classical metal 

matrix composites, the cross section of a single reinforcement is quite large. As a comparison, 

the diameter of a steel wire reinforcement is about 1 mm while the diameter of carbon fibres is 

about 5-10 µm [2] which allows a smooth distribution of the fibres. The reinforcements of the 

profiles investigated are located in the centre plane of the wall. The reinforcement volume 

fraction is quite low, similar volume fractions can be found in SiC fibre reinforced copper 

used for high temperature applications [3]. A scheme of a cross section of a HRMMC-profile 

is shown in Figure 1. Due to this specific setup, HRMMCs show a particular mechanical 

behaviour which is investigated in the following to provide information for design with 

profiles made from this material. 

 

Reinforcements Centre plane 

Figure 1: Cross section of a HRMMC 

profile 
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Analysis of existing metal matrix composites 

Metal matrix composites can be subclassified in particle reinforced composites, 

discontinuously fibre reinforced composites and continuously fibre reinforced composites. 

The properties of the different material types vary over a large range.  

Particle reinforced composites include small particles with a size of about 5-20 µm. This alters 

the mechanical properties and has an influence on the crack propagation under fatigue 

conditions [4]. 

Discontinuously fibre reinforced composites include fibres with a finite length. The load is 

introduced into the fibre by shear forces; therefore a critical length must be exceeded to utilize 

the strength of the fibre [5]. The load is carried partially by the reinforcements. Due to a short 

fibre length, the load is transferred between the fibres by the matrix. This causes a complex 

stress field within the matrix. Similar effects can be found at the boundaries and around the 

fibre damages within continuously reinforced composites. 

The compound extruded profiles investigated are continuously reinforced components. These 

have an aluminium base material and steel wire reinforcements. In contrast to most 

continuously reinforced metal matrix composites, the reinforcements have a very large 

diameter. This results in a heterogeneous distribution of the stiffness at a macroscopic level.  

Steel wire reinforced metal matrix composites have been investigated according to their 

mechanical properties [6] and crack propagation [7]. The influence of brittle intermetallic 

layers, generated by high temperature effects has been investigated [8], [9]. This material was 

used for the manufacturing of high pressure vessels with a service temperature up to 350°C 

[10]. 

During the compound extrusion process the reinforcements are embedded within the base 

material. The contact time between matrix material and the steel wires at a high temperature 

during the extrusion process is very short. Hence, there is no distinctive development of an 

intermetallic boundary layer [11]. 

Homogenization of profile properties 

To enable an efficient design of structures made out of HRMMC-profiles and avoid large 

numerical models, the description of the material properties stiffness and strength should be 

provided with as little effort as possible. 

This description should enable the 

designer to realise a basic layout without 

being dependent on component tests 

within the early state of design.  

An approach for a simplified calculation 

of a frame structure is shown. In the 

following the stiffness properties of the 

profiles are modelled by the role of 

mixture. The failure of the structure is 

determined by a failure criterion – either 

Tsai-Hill or a numerical criterion 

calculated by a FEM analysis.  

For the undisturbed regions of the profiles 

a homogenization can be done easily. Due 

to the heterogeneous reinforcement 

boundary effects of the investigated 

profiles are very large. Boundary effects 

can be found in areas with a high gradient of the stiffness, e.g. at load introductions and nodes 

of a framework. In this area the behaviour of the component are dominated by the design of 

nodes or load introduction, which results in a 3D-stress state. A typical setup of a space frame 

Joint

 

Node 

Load 

introduction 

Node 

F 
F 

F 
F 

f 

Figure 2: Framework of demonstrator 
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the setup of the demonstrator is shown in Figure 2. The configuration is taken from a 

demonstrator scenario of the TR-10 project, which represents the space frame of a C1 

motorcycle.   

Joints and nodes require either a more detailed modelling of the profiles or a further 

investigation e.g. FEM analysis using substructuring. For a detailed FEM analysis, the loads 

on the nodes are taken from a global model with homogenised properties. Within the 

following an analysis of the behaviour of undisturbed profiles is shown. Further investigation 

will be done on the profile homogenization in complex regions of nodes, joints and loading 

points.  

Because the design loads cause only a linear elastic deformation, the homogenization of the 

elastic region is important. The homogenization of material properties for classical continuous 

fibre reinforced composites is well known. There are different methods to estimate the 

stiffness parallel and perpendicular to the fibres. An overview is shown in [5]. 

The predominant loads of the profiles are stresses in extrusion direction, bending forces and 

shear loads due to torsional moments. For elastic strain the stiffness of the profile in fibre 

direction can be described by the well known rule of mixture (ROM), see Equation (1). E is 

Young’s modulus and φ is the fibre volume fraction.  

Due to a homogeneous strain field in this case, there is no influence of the stiffness’s 

heterogeneous distribution on the material properties.  

 

 )1( ϕϕ −⋅+⋅= matrixfibrecompound EEE    (1) 

 

To calculate the bending stiffness, the distribution of the strain within the profile has to be 

taken into account. In this case the effect of the reinforcement wires is dominated by their 

locations. These are displayed by the configuration’s moment of inertia of all 

reinforcements fibresI .   
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With this information the basic stiffness properties for flexural loads and loads in fibre 

direction are provided. The stiffness properties in perpendicular direction are dependent on 

the reinforcement position, and therefore no analytical investigation was performed.  

Failure mechanism and failure criteria 

For a failure analysis, ‘failure’ must be defined. Metal matrix composites with plastic matrix 

show different failure modes. For loading in the reinforced direction, the first failure mode 

occurs when the matrix’s yield limit is exceeded. The second failure mode is a plastic 

deformation of the matrix exceeding a certain value, which leads to plastic deformation of the 

component [13]. In [13] this behaviour is utilized to take use of the very high ultimate stresses 

of this material. The application of the different failure definitions is dependent on the 

purpose. A further failure mode is known for steel wire reinforced metal matrix composites 

with a brittle intermetallic layer.  Cracking of this layer causes notches and leads to a 

premature failure of the reinforcements [9]. This layer occurs due to diffusion at high 

temperatures. The maximal diffusion length during the extrusion process investigated is about 

250 nm. Therefore only a very thin boundary layer is created [11] , which is assumed to be not 

critical because of the non-brittle fibres. For loading in direction perpendicular to the fibres 

additional failure modes can occur, e.g. debonding of the reinforcements. Since the bonding 

Advanced Materials Research Vol. 43 147



between base material and reinforcement is very strong, a perfect bonding is assumed in the 

following investigation. This is shown in [11].  

For most design cases exceeding the yield limit of the matrix, failure can be assumed. Beyond 

this point a plastic deformation of the component remains and residual stresses are generated. 

Furthermore, due to work hardening the material properties may be dependent on the load 

history.  

Within a compound extruded component, large areas of undisturbed material exist. Hence it 

can be assumed that the reinforcing has no strengthening effect on the matrix properties. To 

achieve a strengthening effect these areas must be very small (in the order of 10 µm) [15]. 

Failure of uniaxial loaded HRMMCs 
Axial loads refer to loads in fibre direction in the following. Loads perpendicular to the fibre 

direction will be called perpendicular loads. The associated strength will be called 

perpendicular strength. For axial loading, strain in matrix and reinforcements are equal. For 

equal Poisson’s ratios of matrix and reinforcement following relations, given in (3), are valid. 

Since the Poisson’s ratios of steel and aluminium are similar, the error is small. ‘ fibreσ ‘ and 

‘ matrixσ ‘ describe the stresses in axial direction in the reinforcements and the matrix. 

‘ ||compoundσ ’ describes the averaged stress of the component in axial direction.  
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With this information the yield stress of the compound can be calculated. In Equation (4) the 

linear correlation between the reinforcement fraction and the maximal linear elastic stress of 

the component is shown.  
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2D-stress fields resulting from loads perpendicular to the reinforcement direction are more 

complex. These are dominated by effects of the heterogeneous stiffness.  

 

 

Figure 3: Stress field perpendicularly loaded profile 
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In Figure 3 the schematic stress fields of perpendicularly loaded profile cut outs are shown. 

These stress fields are dependent on the height h of the profile and the distance b between the 

reinforcements. All reinforcements are located in the centre layer. This leads to stiffening and 

stress concentration within this layer, dependent on the distance between the reinforcement 

elements. The relation between the reinforcement fraction and the perpendicular strength is 

plotted in Figure 4. The assumed material properties are shown in Table 1. ‘σcompound⊥‘ is the 

maximal average perpendicular stress on the component without plastic deformation within 

the matrix.  

 

  

Figure 4: Perpendicular strength as function of reinforcement fraction (φ) 

Failure of steel wire reinforced profiles under multi axial loading 

To analyse the multi axial failure for steel wire reinforced aluminium, a FEM analysis is 

performed. A cut out of the component is modelled and investigated. The failure loads for this 

model are calculated with the same assumptions as discussed. Exceeding the yield stress of 

the matrix is assumed as failure. To eliminate 

boundary effects within the model, a specimen 

with three reinforcements is modelled. Only the 

data for the inner area is used for evaluation. 

Because of the shear stress state only one 

symmetry can be assumed.  

The model has linear material properties for fibre 

and matrix. The connection between fibre and 

matrix is assumed as perfect bonding realised by 

merging the nodes. The material properties are 

shown in Table 1. The diameter of the 

reinforcements is 1 mm. 

With this model the stress fields for the basic load 

cases (axial load, perpendicular load and shear 

load) are calculated. The data of the resulting stress 

fields is stored for further processing. 

τ⊥|| 

τ⊥|| 
σ⊥ 

σ⊥ 

σ|| 
 

σ|| 
 

Fig. 5: FE-Model for stress analysis 
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Since the boundary of linear behaviour is of interest, the various load cases can be calculated 

by linear superposition of the basic load cases. For each load case a load vector is defined, 

which consists of a relation between σ|| (axial direction), σ⊥ (perpendicular direction) and τ⊥|| 
(shear). The field of equivalent stresses is calculated for this load combination with the von 

Mises hypothesis. The load vector is scaled to a size that the yield stress of the matrix is met. 

This is calculated for a defined set of load vectors and the result is shown as a ‘yield surface’. 

The gained data is compared with the Tsai-Hill failure criterion to evaluate its usability. The 

objective of using such a failure criterion is the 

simplicity of its application. For an analysis 

with a Tsai-Hill failure criterion only a small 

amount of data is required.  The Tsai-Hill 

failure criterion is an ‘anisotropic von Mises’ 

criterion. It was developed by Hill for the 

material description of anisotropic, rolled sheet 

metal. Afterwards Tsai adapted it for use with 

unidirectional laminates [16]. Tsai-Hill is a 

wide spread failure criterion for the analysis of 

unidirectional laminates. 

The information needed for Tsai-Hill, the failure loads for max||σ , max⊥σ  and max||⊥τ , are taken 

from the yield stresses calculated by the FEM analysis. At these points the deviation between 

the FEM analysis and the Tsai-Hill criterion is zero, as defined. The definition of the Tsai-Hill 

failure criterion is shown in Equation (5).  
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With a comparison of Tsai-Hill and the FEM-failure analysis, the usability of the global 

failure criterion is investigated. The result of the comparison is shown graphically as a 

deformed sphere. The vector from the origin to a point at the surface describes the load 

combination. Its length is defined as the strength of the FEM failure analysis divided by the 

yield stress calculated with Tsai-Hill. A perfect sphere with the radius 1 represents exact 

correlation between both criteria. The colouring shows the deviation between the FEM failure 

and the yield stress calculated by Tsai-Hill. In Figure 6 the procedure is explained. 

Material properties for FEM-model 

Young's modulus matrix 70000 MPa 

Young's modulus fibre 210000 MPa 

Poison ratio matrix 0.33 - 

Poison ratio fibre 0.29 - 

α-matrix 0 1/K 

α-Faser 0 1/K 

Yield stress matrix 100 MPa 

Table 1: Material properties 
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Figure 6: Procedure for comparison Tsai-Hill failure criterion with numerical failure analysis 

Results 

In the following a comparison of the analysis of different configurations of steel wire 

reinforced aluminium is shown. For the setup there are three design variables: the diameter of 

the reinforcement elements, the thickness of the material and the reinforcement fraction. 

Within this investigation only reinforcements with a diameter of 1 mm are taken into account. 

To enable the comparison of configurations with different reinforcement volume fractions a 

thickness of 3 mm is chosen. Since the reinforcements are only located in the inner area of the 

composite, the maximal possible reinforcement volume fraction is limited by the height of the 

component. With a thickness of 3 mm a reinforcement fraction up to 20% is possible without 

contact between the reinforcements – disregarding constraints of production.  

The following figures show the yield surface calculated by FEM on the left. On the right the 

plots of the deviation between the FEM and the analytical solution is pictured out by the 

colouring. Their ratio is shown by the distance from the origin. In Figure 7 the configuration 

with a low reinforcement volume fraction of 5% is shown. The maximal deviation between 

the FEM solution and the Tsai-Hill failure criterion is approximately 8%. For the load cases 

with only axial or perpendicular or shear loading the deviation is, according to the definition, 

exactly zero. The highest deviation is found in the area with approximately equal loading in 

axial and normal directions with small shear load.  

In Figure 8 the results of a high reinforcement volume fraction of 20% is shown. The 

deviation between FEM and Tsai-Hill is increased for the larger volume fraction. The 

maximal deviation occurs in the case of approximately equal loads on both axes without shear 

loading. The highest deviation is approximately 12%.  
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Figure 7: Failure surface (left) and deviation from Tsai-Hill with reinforcement fraction 5% 

(right) 

 

 

Figure 8: Failure surface (left) and deviation from Tsai-Hill with reinforcement fraction 20% 

(right) 

Discussion of failure criterion 

In case of pure axial loading, the whole cross section of the matrix reaches the yield limit 

simultaneously. This leads to a plastic deformation of the entire matrix material as well as the 

component. After decreasing the load residuals stresses are left.  

In case of a perpendicular loading the complex stress field is dominated by effects of the stiff 

steel wire in the weak matrix. By definition, failure of the profile occurs with the first plastic 

deformation of the matrix material. In case of perpendicular loading only a small area of the 

matrix is affected. The influence of this plastic deformation on the component’s global 

deformation is small. The stress fields are altered and the material properties are changed due 

to strain hardening. This has a significant impact on the fatigue properties and is assumed as a 

failure. 
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The application of this failure mode is useful for the layout of a framework for limit loads. In 

this case no plastic deformations are allowed. For a layout of an overload which exceeds the 

yield limit this approach is not valid.  

Thermal effects on mechanical behaviour 

For a typical framework the coefficient of thermal expansion (CTE) in axial direction is 

especially important. A CTE mismatch within a structure leads to thermal stresses and 

deformations. 

The compound consists of two materials with a different coefficient of thermal expansion. 

This leads to residual stresses when exposed to a temperature load. The profile is produced at 

a temperature of approximately 550°C [14]. Thermal residual stresses result from the cool 

down process.. These depend on the recrystallisation temperature of the matrix material. The 

exact effect of the production on the residual stress fields will be investigated in further 

research. Residual stresses have been investigated by the subproject A3 of TR-10 [15]. In the 

following the general effect of a temperature offset on the component is investigated. 

For a continuous fibre reinforced composite the coefficient of thermal expansion in fibre 

direction can be calculated by the internal balance of the forces. This leads to Equation (6) 

[5]. The coefficient of thermal expansion is represented by α. 
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Figure 9: Coefficient of thermal expansion (α) as function of  

reinforcement volume fraction (φ) 

The CTE of the material can be adapted within a certain range. For the materials used 

currently the CTE can be chosen in between the properties of aluminium and steel. The 
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relation between CTE and reinforcement volume fraction is shown in Figure 9. Usage of other 

reinforcement materials (e.g. carbon fibres) will expand this range.  

Thermal and residual stresses 

The mismatch of CTE in the hybrid component causes thermal stresses. The thermal stress 

fields are multi-axial and depend on the geometry distribution of the fibres. Within the 

heterogeneous compound, the location of the reinforcement has a dominating influence.  

These thermal stresses cause a change of the mechanical behaviour of the component. For the 

following investigation a temperature drop from a stress free state is assumed. A CTE of the 

matrix much higher than the CTE of the reinforcements results in a tensile stress within the 

matrix and a compressive stress within the fibres. The yield loads of the component are 

transferred to the compressive region.  During the production process the profile passes a 

large temperature drop. The influence of this temperature drop and relaxation effects of 

matrix material will be investigated in further research. 

With the FEM failure analysis an integration of thermal and residual stresses was performed, 

similar as described above. For the calculation the stress field is combined from variable part 

(external loads) and an invariant part (thermal and residual stresses). To calculate the yield 

limit an iteration process was implemented, which approaches the yield boundary from both 

sides and creates an interval containing the yield limit. This interval is reduced to a small size, 

and therefore convergence of the iteration process can be assumed.  

 

 

Figure 10: Scheme calculating yield load with residual stresses 

In Figure 10 the scheme of the calculation of the yield surface, including thermal and residual 

stresses, is shown for the configuration with a reinforcement volume fraction of 5% and 

thickness of wall of 3mm.  
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Figure 11: Yield surface with thermal offset ∆T=-50°C from stress free state 

In Figure 11 the yield surface for an aluminium matrix profile with a temperature offset of  

-50°C from a stress free state is shown. The yield stresses are moved to the compressive area. 

The tensile yield strength in axial direction is reduced from 110 MPa, without thermal loads, 

to about 60 MPa. Another interesting effect is the cut off in the compressive area. Due to the 

complex stress fields around the reinforcements not only an offset of the yield surface occurs, 

but also a change of the shape. The yield surface is no ellipsoid any more. Within the 

compressive region a flattened area is found, shown on the left in Figure 11. For an analysis 

of a component with thermal or residual stresses, evaluating a component with a failure 

criterion like Tsai-Hill is not possible. 

Summary 

The homogenized material properties of extrusion profiles have been investigated with the 

objective to provide an easy to use failure criterion for design of such components. A 

comparison of the Tsai-Hill failure criterion with a numerical calculation was performed. For 

simple cases without residual stresses, the deviation between Tsai-Hill and the numerical 

analysis is small. The influence of a stress field, resulting from a temperature, on the yield 

behaviour on a component was analysed. Under thermal loads an analysis with a global 

failure criterion is not possible. In further investigations the influence of the manufacturing 

process and plastic deformations will be integrated. The failure criterions will be compared 

and verified with results from biaxial testing. This paper is based on investigations of the 

collaborative research centre SFB/TR 10 which is kindly supported by the German Research 

Foundation (DFG). 
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Abstract. In order to support production tasks in the automotive industry, to reduce costs due to a 

trial and error procedure during process design and plant construction and to secure the accuracy of 

frame component assemblies, modern simulation methods are applied. In production chains a row 

of different manufacturing techniques are established. To accompany the number of manufacturing 

steps with the aid of calculation methods, an interacting of each simulation with the preliminary one 

is necessary. Such process chains help to determine the structural properties and geometrical accu-

racy of components and assemblies during manufacturing of composite lightweight structures and 

ensure their final quality. The basic difficulty of handling aluminium composites with steel rein-

forcements is the high residual stress level in the reinforcing elements and the adjoining matrix. 

This stress state can have a significant effect on the desired machining results and the related proc-

ess itself. Contemplating this reveals the importance of defining a process chain by simulation. 

Introduction 

For the purpose of supporting the manufacturing of light-weight frame structures in the automo-

tive industry, the following techniques are considered within the Collaborative Research Centre 

SFB Transregio 10: composite extrusion, laser beam welding and friction stir welding. To cope with 

the task of this research centre the TR-10 is partitioned into three domains. The partial projects 

within the A-domain work out the scientific and technological basics of the mentioned process 

steps. They provide novel and modified technologies respectively for the manufacturing and proc-

essing of extrusion-moulded work pieces. The B-domain includes the projects, which simulate the 

manufacturing processes. Core of the B-projects is the coupling of simulation with reality. The pro-

jects of the C-domain integrate the single process steps into a real and virtual process chain. Such a 

holistic treatment is necessary to study the influences of preliminary processes on the structural ef-

fects of components and assemblies along their manufacturing chain. Therefore, one aspect of the 

project is to merge single simulation models for calculating the structural properties during the 

manufacturing and transfer these on a modelled entire structure. In the first instance, the chaining 

should enable to analyse manufacturing problems and optimise the sequence of process steps. Thus, 

exact information of structural effects on the profile parts, introduced by the manufacturing process, 

is indispensable for realising an integrated simulation system. In order to achieve these objectives, 

an extensive knowledge of the projects, investigating the process effects in the A-domain, is also 

obligatory. Within the scope of the project C7 “An Integrated Simulation of Part-Structure-

Interaction for Manufacturing Process Chains”, this paper introduces a general approach for the in-

tegration of simulation models and an application example as a first step for the implementation. 

Objectives and definition of the project 

The flexible setup of lightweight structures requires adaptability in chaining the single manufac-

turing processes. The objective of the project C7 is to prepare single simulations of manufacturing 

steps and integrate them into an entire model to estimate the loads, remaining within the machined 
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structure. The editing and preparation pursues the concept of grading the complexity of the simula-

tion model to lower levels with a view to reduce the modelling and computation effort. It is intended 

to develop an integrated model of the structural interference arising during manufacturing, which 

allows the variation of the input parameters. To increase the quality of computation results, physical 

changes have to be required as initial values for the simulation of following processes. For example, 

Tikhomirov [1] considered welding distortions within a virtual production chain; forming results 

can be taken into account in a simulation chain [2] and interlinking methods realise the integration 

of the preliminary forming simulation into the simulation of laser beam welding [3], [4]. Kerausch 

[5] developed a model to integrate preliminary process steps into a forming simulation of heat 

treated tailored blanks. By using SYSWELD and ABAQUS an interface was implemented, which 

realised the transfer of structural properties subsequent to a sheet metal pretreatment by laser proc-

esses into a deep drawing simulation. Bessert [6] elaborated applications to transfer IT-based data in 

his research activities. He used so-called mapping-functions to provide structural properties and 

geometrical characteristics of thin assemblies to subsequent simulation steps. Thus, the manufactur-

ing history of the assembly is integratively considered in the following operations. A representative 

application of mapping-functions for transferring the characteristics of a forming model onto a crash 

specific FEM-mesh is described by Zöller [7]. In addition to the structural properties he transferred 

also complex material interrelations. The mapping of 3D-elements in simulations of material ma-

chining with multistage manufacturing processes was investigated by Ranatunga [8]. He introduced 

techniques and methods to determine the changes in the assembly’s geometry during one manufac-

turing step and with this the associated process parameter, e. g. the strain rate and hence the stress 

field. Within this research project methods and models should be elaborated to simulate an entire 

process-chain for different manufacturing techniques, for example the composite extrusion of alu-

minium profiles reinforced with steel wire elements.  

To achieve the described objectives, a three-phase concept should be pursued as shown in Fig. 1. 

This enables to achieve the complex requirements on the result accuracy and the required flexibility 

of the modelled process chain. The concept includes a cascade of three intertwined methods to meet 

the requirements for an efficient simulation of the manufacturing process chain. 

 

 
 

Fig. 1: A three-step-portfolio for an adaptive reduction of the modelling effort within an integra-

tive simulation of the manufacturing chain 
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Core of the investigations within C7 is to use and to enhance the techniques in Fig. 1 to succes-

sively reduce the modelling and computation effort in order to get results that vary in the level of 

detail. The qualitative modelling of the process chain implies the knowledge integration of the indi-

vidual processes of the manufacturing chain into an abstract entire model. Thus, a first estimation of 

the effects on the entire structure is possible. The collaboration with the A-projects should enable to 

identify tendencies of manufacturing effects on the entire structure. This approach provides a basis 

to detect the structural loads during the manufacturing phase and to estimate the effects on the as-

sembly. The complete integration of the process dependent partial models in the process chain gives 

the feasibility to derive the state of the assembly at the beginning of the process specific simulation 

of the respective B-projects. For example, computed residual stresses should be considered as the 

initial state in a subsequent welding or drilling simulation. Within this research project the follow-

ing part-specific values should be provided for the integration task: 

− residual stresses as a result of the manufacturing processes 

− transient deformation behaviour 

− plasticizing 

− transient temperature field 

 

The integration of these values and the refeeding of the results should be realised by the master 

model, which integrates all the aspects of the partial models from the specific process simulations to 

transfer them as information data. On the basis of the FEM-programme ANSYS all the results of the 

B-projects can be transferred by capable interfaces. The transfer data is written in *.ASCII-format 

(text format), which is easy to interpret. Also the times between the manufacturing processes (e. g. 

cooling phases), which are modelled by the B-projects, can be integrated by means of the chaining 

model unless their structural influence is negligible for subsequent processes. Thus, the relevant 

structural influences of the specific processes can be considered along the entire process chain. The 

transfer of the unequally meshed geometry models from the B-projects can be realised by several 

mapping-systems, which facilitate the integration of unequal element types (e. g. shells, volumes), 

sizes and formulations (e. g. linear, quadratic, cubic) between different FEM-systems. Compared to 

the complete integration of the process dependent partial models as described above, the objective 

of the reduced modelling of the process chain is to reduce the computation and modelling effort. 

This approach of minimising effort allows varying the sequence of the manufacturing process mod-

els, which in turn supports the process chain optimisation. Otherwise, when using the described 

complete integration of results and geometries from the B-projects, the computation of variations 

would be too complex. Therefore, possibilities should be found that reduce the model complexity of 

the process chain without loosing the significance of the simulation results. Potentials for reduction 

are the idealising of the process-structure-effects, the coarsening of time lags within the FEM-

computation, the coarsening of the FE-mesh or the homogenisation of anisotropic and temperature 

depending material data. With a view to a minimum effort of modelling the process chain, the re-

duction of the model is an important task within this project. Particularly, the number of independ-

ent parameters should be kept as small as possible when data is transferred or created respectively. 

This will assure a medium-term economic use of the method. However, the quality of the simulation 

results should not be decreased significantly for the considered use case. To ensure this, the simula-

tion results will be validated by experiments. 

Approach 

To reach the discussed objectives, various steps are considered in the following. As already men-

tioned, a profound technology comprehension of the projects within the A-domain is fundamental to 

be able to include the results of the process simulations. Therefore, the processes, which are in-

volved in the process chain will be analysed at their corresponding project location. 
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The influencing factors on the machined work pieces from the different manufacturing processes 

(e.g. stress state, temperature, distortion, local microstructure, changes in hardness) should be iden-

tified and related to each other. The disturbances may tend to global or local structural effects. 

Thereby, the transition between global and local influences can be smooth. For example, a drilling 

causes a local impact. Whereas, the residual stress from the composite extrusion is a characteristic 

global influencing value. The residual stresses are mainly caused by the different thermal expansion 

coefficients of the matrix material and the reinforcements. This leads to different elongations when 

the profile cools down and, thus, into a residual state of stress. These stresses interact with those 

that result from the complex interaction of the welding chamber geometry, the process parameters 

and the material flow. The calculation of this complex stress situation in the composite by analytical 

methods is difficult to perform. Because of this reason, it will be determined by measurement tech-

niques. To detect residual stresses in structural parts several techniques are implemented in practise. 

These include the following non-destructive test procedures: radio graphical techniques [9], neutron 

diffraction [10], hole-drilling strain-gauge methods [11], ultrasonic tensile testing via transversal 

waves [12] or the Barkhausen noises [13]. In the near future it is planned to determine the residual 

stresses in the reinforcing elements and in the transition zone between the reinforcement and the 

composite using the neutron diffraction.  

By means of the obtained findings and in extended consultation with the partners of the technol-

ogy projects, the limits of the process feasibilities should be exposed. Within these bounds a struc-

ture for demonstration purposes (called demonstrator) is defined, which gives the possibility to inte-

grate exemplary manufacturing steps in a process chain. The relevant demonstrator is shown in Fig. 

2, where a quadratic hollow profile is joined with a pipe. Both aluminium profiles (EN-AW 6060) 

are reinforced with steel elements. To fit the profiles together, a circular recess, which is commen-

surate to the pipe, can be machined into the quadratic profile by the application of circular milling 

(see Fig. 2). 

Circular

milling

Reinforcing

elements

Hybrid, bifocal laser 

beam welding (BHLW)

Friction stir

welding (FSW)

 
Fig. 2: Example for a demonstrator: T-joint of a round and 

square hollow profile with embedded reinforcing elements 

 

The friction stir welding (FSW) [14] and the hybrid, bifocal laser beam welding (BHLW) [15] 

are intended to realise the joining. The semicircular weld line proves to be a huge challenge. Further 

difficulties for the BHLW are the different absorptive capacities of the laser light as well as the un-

equal melting points of aluminium and steel. Thus, the analysis of the processes and the consulta-
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tion with the partners of the technology projects at first is a really important factor for technical fea-

sibility. 

The different joining techniques cause various requirements for the respective clamping. For ex-

ample, in spite of the high processing loads coming up with FSW the exact position of the parts 

relative to each other and to the tool must be provided. The implementation of an appropriate 

clamping device for the joining using FSW or BHLW is also a task within this project. Subse-

quently, several welding tests will be performed. Measuring the geometry of the demonstrator be-

fore and after joining should give information about the welding distortions. Furthermore, the resid-

ual state of stress in the assembly will be analysed using a method mentioned above. 

Another important point of this project is to gain the knowledge concerning the simulation pro-

jects within the B-domain. The basis for integration is to have detailed information about the activi-

ties, which have already been carried out or are planned within the partial projects B1 to B4. B1 is 

engaged in the simulation based optimization of composite extrusion and B2 in the simulation of 

five axis milling. The B3-project analyses the machining with cutting tools using the FEM and B4 

simulates the BHLW to optimize the properties of the process and the product. The interaction be-

tween the B-domain and C7 is shown in Fig. 3. 

 

Modelling of the extruded composites and 

transfer of the results of the forming

simulation

Transfer of the computed

stresses of the milling

simulation

Transfer of the results of 

the welding simulation

and generating the

entire model, which

represents the final 

state of manufacturing

C7 interconnecting model

Simulation model: B1

Results: residual stresses, 

geometry

Transfer data: ASCII-File, 

mapping

Simulation model: B2

Results: temperature, 

process forces

Transfer data: ASCII-File
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Fig. 3: Exemplary process chain for realising an integrated process simulation 

 

A special collaboration exists between the projects B2 and B3. Therein B3 is supported by B2 

with data generated by algorithms, which are not primarily based on the finite element method 

(FEM). The mainly used computation systems are the inverse kinematics [14], the finite difference 

method [15] or the discrete dexel model [16]. Therefore, the system provides a function to map the 

results and model characteristics on an FEM structure. The changes in geometry and properties may 

be transferred by using special project and mapping functions. These functions provide the process-

specific shape of the FE-model, e.g. a fine mesh in the heat affected zone in a welding or machining 

simulation. Project functions are used to transfer element characteristics between geometries of an 

identical position and dimension. For example, a temperature field can be transferred on a coarsened 

or refined mesh structure by inter- and extrapolating the characteristics. Advanced possibilities are 
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provided by mapping functions. These functions include the transfer of geometry changes (e.g. de-

formation as a result of a heat impact) between two process steps. 

Subsequently, with the consolidated knowledge of the technology and simulation projects, it 

should be possible to build up the FE-models of the considered processes. For the demonstrator 

shown in Fig. 2 the following processes have to be considered: composite extrusion, circular mill-

ing, friction stir welding and hybrid bifocal laser beam welding. Fig. 3 shows how to phase the 

simulation of a manufacturing process chain. 

The computed distortion and residual stress state of the demonstration example have to be com-

pared with real measurements. The next step is to analyse and optimise the manufacturing sequence. 

For that it is advantageous to reduce the modelling effort at the beginning. With regard to Fig. 1 the 

reduction can be performed by an analysis of the sensitivity of exemplary parameters (design of 

mesh and geometry, material data, time steps: transient vs. quasi static). After reducing the model-

ling effort, the order of all involved process steps along the manufacturing chain (except of the 

simulation of the composite extrusion as the first step) could be varied in order to support the opti-

misation of the manufacturing chain. As a start for the variation of the manufacturing steps, the re-

lated restrictions are secondary. To maximise the solution space, the objective is to find as many 

combinations of manufacturing chains as possible. Based on the numerous variants of simulations, 

the optimisation of the manufacturing chain can be supported with a minimum effort. 

The importance of defining a process chain by simulation becomes apparent by the analysis of 

the results. The integration of physical values, resulting from previous steps (e. g. temperature, re-

sidual stresses), leads to a different structural behaviour as in comparison to a mere geometry-model 

as input data for the succeeding simulation. This is demonstrated by a first step example in the para-

graph below. 

An example of use as a first step of the approach 

As already mentioned above, the first manufacturing step of the integrated process chain within 

these investigations is usually the extrusion of composite profiles. In this process, wires or wire 

ropes (e. g. made of steel) are inserted as reinforcements into an aluminium alloy during the profile 

extrusion. For this, the extrusion process is executed at temperatures up to 450 °C by heating up the 

chamber. Due to the different coefficients of thermal expansion of the aluminium matrix and the 

steel wires, the cooling to ambient temperature leads to a state of initial stress of the reinforcements 

and the matrix material. The proof of residual stresses in the cooled profile was already furnished in 

[17]. 

To model the extrusion process, simplifying assumptions are made. For example, one assumption 

is to consider merely stresses in the profile; potential damages are not considered. Furthermore, for 

the simulation, the entire composite extrusion is reduced to a process of transient cooling. In par-

ticular, a rectangular aluminium matrix (70 mm x 5 mm x 56 mm) with six embedded reinforcing 

elements (diameter = 1 mm) is cooled from 450 °C to almost ambient temperature. In the simulation 

the energy is transferred to ambient air over the profile surface. To cool down to ambient tempera-

ture, the section needs approximately ten minutes (Fig. 4). After cooling, a pressure stress state 

dominates the reinforcements and tensile stresses affect the aluminium matrix. As mentioned be-

fore, this is caused by the different thermal expansions of the matrix material and the reinforce-

ments, which results in a lower shrinking of the steel wires with regard to the surrounding alumin-

ium. The materials, which have to be specified for the simulation, are EN AW-6060 for the alumin-

ium matrix and S 355 J2 for the steel reinforcements. A set of material properties is already stored 

in the database of the commercial software HyperMesh (Altair) and SYSWELD (ESI Group) while 

HyperMesh is used for the meshing tasks and SYSWELD for the computation. Concerning the ma-

terials mentioned above the database is complemented by experimental data provided by the sub-

project A3. For modelling the profile as a statically determinate system, all six degrees of freedom 
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(three rotatory and three translatory) of a single node in the corner of the profile, marked as the re-

straint in Fig. 5, are blocked. Thus, the system is over-constrained and kinematically stable. 
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Fig. 4: Temperature development in the profile while cooling subsequent to the composite extrusion 

 

The objective of the investigations within this project is to realise the chaining of simulations. 

Therefore, the simulation of the composite extrusion is concatenated with the simulation of a subse-

quent process step – the friction stir welding (FSW). The modelling of the FSW process is a subject 

matter of the project B4. In this example, the simulation includes a composite, which is friction stir 

welded transverse to the direction of the reinforcements. With regard to the discussed objective of 

reducing the modelling amount (see Fig. 1), a method to model the FSW process is to simplify the 

impact by defining a heat input. Thus, the deformations and the development of residual stresses can 

be calculated based on the heat source parameters. The specific heat input of the process is cali-

brated within the project B4, thus, the required parameters for modelling the heat source are sup-

plied. 
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Fig. 5: Stresses in comparison with and without considering the preceding simulation results 

 

Fig. 5 illustrates the stress situation in the composite profile as one output value. On the left side 

of Fig. 5, the preliminary extrusion process was considered as the initial state of the FSW simula-
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tion. The right side displays the residual stress state after the simulation of FSW without considering 

the structural effects of the preceding process. As mentioned above, the unequal coefficients of 

thermal expansion of the matrix and the reinforcements cause the resulting stress situation. The high 

stress level in the reinforcing elements demonstrates that the consideration of the preceding process 

is necessary to describe the stress state in composite structures. Thus, the chaining of the simula-

tions (Fig. 5, left side) results in a maximum stress level that exceeds the highest stresses in the 

simulation without considering the preliminary process by up to five times.  

In addition to residual stresses another significant output value for welding simulations is the dis-

tortion. Information about shape distortions are fundamental to cope with deviations caused during 

manufacturing. Subsequent to the FSW simulation and after unclamping the profile, the residual 

displacements are compared in Fig. 6. The comparison shows that considering the preceding process 

step results in a 14% lower distortion. Thus, it appears that a chaining of single process simulations 

is necessary to predict the structural effects more accurately along the manufacturing process chain 

of composite structures. 
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Fig. 6: Comparison of the distortion with and without considering the preced-

ing simulation results (overstated shape: x 100) 

Outlook 

This contribution presents an approach of chaining two specific sub process simulations, which has 

been successfully realised for a basic geometry within one simulation environment. In the future, it 

is planned to expand the simulated process chain including the FE-programmes ANSYS (ANSYS, 

Inc.), HyperForm (Altair), HyperMesh (Altair) and SYSWELD (ESI Group), which are used by the 

projects of the B-domain. In particular, the manufacturing processes, contemplated in the context of 

the specific projects as part of the Transregio 10, will be integrated in an entire model. The objective 

is to create interfaces enabling the transfer of data between the different FE-programmes in order to 

calculate welding distortions considering all preliminary manufacturing processes, e.g. forming, 

circular milling and drilling. 

164 Flexible Manufacture of Lightweight Frame Structures



 

Acknowledgements 

The presented investigations are performed within the Collaborative Research Centre SFB Transre-

gio 10, which is supported by the German Research Foundation (DFG). 

References 

[1] Tikhomirov, D.: Computing Welding Distortion: Comparison of Different Industrial Applicable 

Methods. Advanced Materials Research 6–8 (2005), pp. 195–202 

[2] Kose, K.; Rietman, B.: Combining forming results via weld models to powerful numerical as-

semblies. 7
th
 Esaform Conference. Trondheim, Norway, 28

th
–30

th
 April, 2004 

[3] Zäh, M. F.; Auer, F.; Roeren, S.; Hoffmann, H.; Häussinger, S.: Simulationsgestützte 

Optimierung der Prozesskette Umformen – Laserstrahlschweißen. Final report, FOSTA P 567. 

Düsseldorf: Verlag und Vertriebsgesellschaft mbH 2004 

[4] Zäh, M. F.; Roeren, S.: One Modified FE-model to simulate the Process Chain of Forming and 

Welding. Steel Research International 76 (2005) 2/3, pp. 235–239 

[5] Kerausch, M.: Finite Element Analysis for Deep Drawing of Tailored Heat Treated Blanks. 

Advanced Materials Research 6–8 (2005), pp. 343–350 

[6] Bessert, N.: Die virtuelle Prozesskette als Baustein der digitalen Fertigung. INPRO Workshop: 

Optimierung von Bauteilen unter Berücksichtigung der Fertigungseinflüsse. Berlin, 17
th
–18

th
 

June, 2004 

[7] Zöller, A.: Berücksichtigung von Blechumformergebnissen in der Crashberechnung. 3
rd
 LS-

DYNA Anwenderforum. Bamberg, 14
th
–15

th
 October, 2004 

[8] Ranatunga, V.: A volume-based method for parameter estimation in multi-stage material proc-

essing. Journal of Material Processing Technology 147 (2004), pp. 292–301 

[9] Spieß, L.; Schwarzer, R.; Behnken, H.; Teichert, G.: Moderne Röntgenbeugung –  

Röntgendiffraktometrie für Materialwissenschaftler, Physiker und Chemiker. Wiesbaden: 

Teubner Verlag 2005 

[10] Albertini, G.; Ceretti, M.; Coppola, R.; Lodini, A.; Perrin, M.; Rustichelli, F.: Neutron Meas-

urements of Residual Strain in some Technological Materials and Components. In: Hutchings, 

M.; Krawitz, D. (Eds.): Measurement of Residual and Applied Stress Using Neutron Diffrac-

tion. Dordrecht, Boston and London: Kluwer Academic Publishers 1992, pp. 525–534 

[11]Rendler, N. J.; Vigness, I.: Hole-drilling Strain-gage Method of Measuring Residual Stresses. 

Experimental Mechanics 6 (1966) 12, pp. 577–586  

[12] Schneider, E.: Ultrasonic techniques, Structural and Residual Stress Analysis by Nondestructive 

Methods. Amsterdam: Elsevier Science B.V. 1997, pp. 522–563 

[13] Altpeter, I.: Hochauflösende Zerstörungsfreie Ermittlung lokaler Gefüge- und 

Eigenspannungszustände mit Hilfe der Barkhausen-Mikroskopie. Werkstoffprüfung 1995, 

DVM-Berlin 1995, pp. 341–349 

[14] Mishra, R., S.; Mahoney, M., W.: Friction Stir Welding and Processing. American Society for 

Metals (ASM) International 1 Edition, 30
th
 March, 2007 

[15] Trautmann, A.; Zäh, M. F.: Laser Bifocal Hybrid Welding of Aluminum. Advanced Materials 

Research 10 (2006), pp. 65–77 

Advanced Materials Research Vol. 43 165



[16] Sorby, K.: Inverse kinematics of five-axis machines near singular configurations. International 

Journal of Machine Tools and Manufacture 47 (2007) 2, pp. 299–306  

[17] Grzesik, W.; Bartoszuk, M.; Nieslony, P.: Finite difference analysis of the thermal behaviour of 

coated tools in orthogonal cutting of steels. International Journal of Machine Tools and Manu-

facture 44 (2004) 14, pp. 1451–1462 

[18] Stifter, S.: Simulation of NC machining based on the dexel model: A critical analysis. The In-

ternational Journal of Advanced Manufacturing Technology 10 (1995) 3, pp. 149–157 

[19] Weidenmann, K. A.; Fleck, C.; Schulze, V.; Löhe, D.: Analysis of the microstructure and the 

residual stress state of aluminum extrusion reinforced with ropes. Materialwissenschaft und 

Werkstofftechnik 36 (2005) 1, pp. 307–312 

166 Flexible Manufacture of Lightweight Frame Structures



 

Prototype Manufacturing of Extruded Aluminum Aircraft Stringer 

Profiles with Continuous Reinforcement 

 

T. Kloppenborg1, a, T. Hammers2, b, M. Schikorra1, c, E. Kerscher2, d, 
A. E. Tekkaya1, e, D. Löhe2, f 

1
Institute of Forming Technology and Lightweight Construction, Technical University of Dortmund, 

Baroper Str. 301, 44227 Dortmund, Germany 

2
Institute of Materials Science and Engineering 1, University of Karlsruhe, 

Kaiserstr. 12, 76131 Karlsruhe, Germany 

a
Thomas.Kloppenborg@iul.uni-dortmund.de, 

b
Thilo.Hammers@iwk1.uni-karlsruhe.de, 

c
Marco.Schikorra@iul.uni-dortmund.de, 

d
Eberhard.Kerscher@iwk1.uni-karlsruhe.de, 

e
Erman.Tekkaya@iul.uni-dortmund.de, 

f
Detlef.Loehe@iwk1.uni-karlsruhe.de 

Keywords: Stringer profiles, extrusion, composite, seam weld 

 

Abstract. For an increase in safety against crack initiation and growth in metallic structures of 

airplanes different concepts were developed in the past. In the focus of this work are profiles made 

of continuously reinforced extruded aluminum. The production and the used die set of these profiles 

is presented as well as problems occurring in terms of geometrical inaccuracies of the embedded 

high strength wires. In addition, this paper attends to the problem of lateral seam weld formation. 

The interface between the AA-2099 as well as AA-6056 aluminum alloy and the high strength wires 

Nivaflex and Nanoflex were characterized by metallurgic investigations and push-out tests. As a 

result it can be stated that a sufficient geometrical accuracy could be achieved and a high interface 

strength can be accomplished even if a slight gap is still present in the interface layer between 

matrix and reinforcing element.  

Introduction   

Demands for reduced costs for aircraft structures, reduced fuel consumption and less emission of 

green house gases led to the development of a large variety of innovative concepts for lightweight 

components. One development in the area of metallic structures is the extrusion of continuously 

reinforced aluminum profiles, usable, for example, as aircraft stringer profiles [1]. The 

fundamentals of this process have been analyzed and are described by Schomäcker, Schikorra and 

Weidenmann according to [2,3,4] for the embedding of high strength wires in a base material of 

AA-6060. It was shown that the reinforcement can significantly increase the strength as well as 

stiffness, depending on the amount of wires embedded in the profile. 

However, the typical aluminum profiles used in aircraft fuselages, for example, in this case 

stringers in aircrafts are made of high strength alloys of the 2xxx or 7xxx series. In this case, a 

significant increase of profile strength would require an extremely high strength and/or a large 

volume fraction of the reinforcing elements. Nevertheless even low volume fractions of 

reinforcement can be useful in fulfilling certain other functions. One example is the use of 

reinforcing elements as crack stopping elements, which can increase the residual strength of a 

structure for instance after a previous object damage of the aircraft body. This function is treated 

within the project “Improvement of material and part properties of aircraft stringers by composite 

extrusion” of the Collaborative Research Center SFB/TR 10, funded by the German Research 

Foundation (DFG). The works are carried out at the Institute of Forming Technology and 

Lightweight Construction (IUL) of the Technical University Dortmund and the Institute of Materials 
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Science and Engineering 1 (IWK1) of the University Karlsruhe and are supported with materials, 

process knowledge, and testing facilities by Alcan, Alcoa, Aleris, Alu Menziken, EADS Innovation 

Works, Sandvik Materials Technology, and VAC Vacuumschmelze. 

When focusing on continuous wire reinforcement, a detailed knowledge about the reinforcement 

position in the extrusion product is necessary for the application area as well as for the subsequent 

manufacturing processes like drilling, milling or welding. The position mostly depends on the 

material flow in the die, however, deflections in the positioning can occur. According to [2], two 

different kinds of deflections can take place (Fig. 1): The reinforcements are located in the 

longitudinal weld seam (horizontal deflection), or the reinforcements are placed in the longitudinal 

weld seam but do not lie on the profile centre line (vertical deflection). The horizontal deflection of 

the reinforcing element is mostly determined by the supply position and the process parameters, 

whereas the vertical deflection depends for example on the symmetry of the die and the temperature 

gradient in the material flow [2]. 

 

 
Figure 1: Definition of the horizontal and vertical deflections [2] 

Extrusion Setup  

For the extrusion process of aircraft stringer profiles with endless wires made of high strength 

material a modular tool concept was used. It consists of a sealing plate which divides the base 

material flow into different feedings, a supply plate with the reinforcing elements being supplied 

sideways by the use of feeding cartridges, and a die plate which defines the final cross section of the 

exiting profile (Fig. 2). Initially, before starting the extrusion process, the reinforcement had been 

supplied manually through feeding holes. At the moment of rejoining the base material strands in 

the welding chamber, the reinforcing elements are continuously pulled and embedded by the 

material flow.  

Because the maximum press load was limited to 10 MN and the needed extrusion load increases 

with increasing press ratio the profile geometry has been adapted in the way that two stringer 

profiles are included in one large profile. Fig. 2 shows the two stringer profiles in the half-finished 

product. The final shape of the stringer profiles is produced by milling. 

   
Figure 2: Modular die concept of the tool design and extruded Z-profile cross section 

 

The experiments were carried out using a direct extrusion press, the aircraft aluminum alloys 

AA-2099 and AA-6056 as base material and the high strength wires Nivaflex and Nanoflex as 

reinforcement elements. For the extrusion process the AA-2099 billets were preheated to 480°C and 

the billets made of AA-6056 were preheated to 500°C. The die was heated to approximately 420°C 
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and the container to 450°C. A ram speed of 1mm/s was used. Before extrusion the reinforcement 

was cleaned manually with acetone. 

Former investigations of stringer profile extrusions have shown that the reinforcement has not 

been fully embedded in the base material, which led to a gap between reinforcement and 

surrounding base material. To reduce the gap the bearing surfaces were angled 0.5° normal to the 

extrusion direction to increase the pressure in the welding chamber, similar to the die modification 

which is used to improve the welding conditions of the longitudinal seam welds in the industry. 

Extrusion Results 

 Four billets of AA-6056 and four billets of AA-2099 were extruded to test the homogeneity of the 

process parameters temperature, punch speed and reinforcement position. In Fig. 3, the die 

temperature is diagrammed over the extruded profile length for the AA-6056 alloy. The temperature 

was measured continuously by thermocouples within the die tool package. It can be seen that the 

temperature increases especially in the first half of every press process and then remains rather 

stable between 470°C and 490°C. This temperature characteristic is a result of the equilibrium 

between the billets preheat, heat generated by dissipation when forming the material, and the heat 

loss at the backup plate. The whole process is not isothermal at all and a change of temperature 

might lead to a change of the reinforcement element position. 

 

 
Figure 3: Distribution of the die temperature over the extruded profile length for AA-6056 

 

To analyze the reinforcement position, the profiles were divided into six parts for extracting 

specimens of a length of approximately 50 mm (Fig.4). The positioning of the wires in the 

aluminum base material of the specimens was analyzed with the help of a light optical measurement 

system. 

 
Figure 4: Specimen extraction to analyze the reinforcement position 
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In Fig. 5 the mean horizontal deflections are plotted over the profile length for the four billets. 

The diagram is divided into areas with and without the lateral welding zone. The profile part 

containing the lateral welding zone is not used for the half-finished product of the aircraft stringer 

profiles. There is a small mean positive deflection of wire 1 and a small mean negative deflection of 

wire 2, so that both wires are deflected towards the profile middle. The horizontal positioning error 

of the wires is not greater than 0.1 mm and is expected to have no further influence on the testing. 

 

 
Figure 5: Distribution of the horizontal deflections over the extruded profile length 

 

The vertical deflections of the reinforcement are essential for the further treatment. Large 

unknown vertical deflections can result in a cutting of the reinforcement elements during the milling 

process, which is necessary to mill the aircraft stringer profiles from the extruded Z-profile. The 

vertical deflections are shown in Fig. 6. Again there is a positive deflection of wire 1 and a negative 

deflection of wire 2 with a variation of less than 0.1 mm. Considering the mean vertical deflections, 

a high geometrical accuracy can be obtained during the composite extrusion process and the milling 

of the 2 mm thick aircraft stringer profiles can be done without the danger of reinforcement cutting. 

 

 
Figure 6: Distribution of the vertical deflections over the extruded profile length 

Detection of the Lateral Weld Seam  

Because of the limited maximum press load of the laboratory extrusion press of 10 MN an extrusion 

of AA-2099 or AA-6056 billets longer than 200 mm was not possible. Hence it was necessary to 

stop the extrusion at the end of each billet and to load the next billet for semi-continuous extrusion. 

Between two billets there is always a billet oxide surface layer leading to a loss of metallic 

continuity and, consequently, to a lateral weld seam in the extruded profile. To identify the length 

and characteristic of the lateral weld seam, the faces between two billets were coated with boron 

nitride before pressing. Since boron nitride is easily detectable after metallographic grinding the 
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position of the lateral weld seam could be identified as follows: At the beginning of the lateral weld 

seam (Fig. 7 a) the new billet material replaces more and more the older one (Fig. 7 b + c) until the 

older material disappears completely. The replacing starts in the middle of the profile where the 

speed of the flow of material is highest during the extrusion process. 

 

 
Fig. 7a-c: Distribution of the lateral weld seam at 650 mm, 700 mm, and 900 mm 

measured from the beginning of the extruded profile 

 

This investigation shows that approximately 1500 mm of the profile, which is 3100 mm long, are 

affected by the lateral weld seam. In order to avoid that a different strength in the lateral weld seam 

negatively influences the properties of the profiles, this zone has been marked and removed before 

further investigations were conducted. This left 1600 mm, which did not contain any lateral weld 

seam and which were then used for the production of the prototype aircraft stringers. 

Metallographic Investigations on the Extruded Composite Profile 

To see if the composite is capable of being used as aircraft stringer, it is necessary to analyze 

quantitatively its interface between reinforcement and base material. In particular, it needs to be 

tested whether the optimization of the angle of the bearing channels in the die have increased the 

local pressure and lead to a reduction of the gap between reinforcement and base material that was 

found in the initial tests. This was realized by metallographic sections. First, a piece of the profile 

was separated and cold embedded. Afterwards it was ground and polished and finally examined 

with a light optical microscope. 

In certain areas around the wire a slight gap could be still identified between the AA-6056 base 

material and the Nanoflex wire with a width of approximately 2 µm (Fig. 8 a gap “1”). Furthermore, 

the wire seams locally plastic deformed due to plastic deformation during the embedding process 

(Fig. 8 a deformation “2”). In Fig. 8 b, the AA-2099 is shown with a Nivaflex-wire. Again, a gap is 

visible at the interface (1) and the wire is also non-circular (2). This indicates that a still higher 

pressure is needed to close the gaps. 

 

  
Fig. 8 a: Metallographic section AA-6056 + Nanoflex, 1000x 

b: Metallographic section AA-2099 + Nivaflex, 1000x 
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After etching the microstructure of AA-6056 showed small grain sizes just around the 

reinforcing elements and at the border of the profile as well as in the longitudinal seam welds. These 

areas are those where the highest plastic deformation occurred during the extrusion process.  

In addition to this, the microstructure of AA-2099 showed the same formation, but between the 

regions with fine grains the microstructure partly showed grains larger than in AA-6056.  

Compared to the extrusions done before the optimization of the bearing channel angles, the 

interface quality has improved, but there is still a slight gap left. Future investigations are expected 

to show whether the gap emerges because of rough separating of the profile and in which way this 

gap has an influence on the mechanical properties of the profile. In particular, the effect on the 

debonding shear strength in the interface will be analyzed. 

Reinforcement Push-out Tests  

To characterize the mechanical properties of the interface between matrix and reinforcing element, 

push-out tests [5] were performed. In this test the debonding shear strength is determined by 

pushing the reinforcing element out of the base material.  

The test is carried out on a Zwick Z 2.5 testing machine with a maximum load of 2.5 kN. A disc 

with a thickness of 1 mm, which is cut out of the reinforced profile section, is fixed on the machine 

and optically adjusted so that the reinforcement is centered. With a micro indenter a force is applied 

to push the reinforcement out of the base material. The maximum force necessary to reach a 

debonding of the interface between reinforcement and base material related to the surface of the 

interface is called the debonding shear strength. The push-out tests were carried out with specimens 

from a former pressing with AA2099 as matrix material and both wires before the optimization of 

the die. 

The debonding shear strength was in the same range as in former investigations, which were 

carried out with other alloys and reinforcement materials. While in [3,6,7] values between 61 and 

138 MPa depending on the reinforcing element and additional pretreatments of the wire occurred, 

the interface between base material and Nanoflex wire showed a debonding shear strength of 105 

MPa and between base material and Nivaflex wire 123 MPa without special pretreatments of the 

wires.  

Fig. 9 a shows a scanning electron microscope (SEM) picture of a pushed out Nanoflex-wire 

from the rear of the push-out specimen. Two conclusions can be drawn from this: First, the base 

material surrounding the reinforcement element is deformed plastically and, second, there is still 

base material sticking at the surface of the wires, as can be seen in Fig. 9 b, which shows signs of a 

dimple fracture. Both observations prove that even with a small gap remaining between wire and 

base material an excellent base material-wire bonding can be achieved. Future push-out tests on the 

current profiles are expected to show whether the debonding shear strength increases due to the 

optimization of the die. 
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Fig. 9 a: Wire (Nanoflex) pushed out, matrix material is deformed plastically;  

b: Magnification of the wire surface with aluminum alloy remaining on it 

Summary 

This work deals with the extrusion of continuously reinforced profiles for stringer profiles made of 

high strength AA-2099 and AA-6056 aluminum alloys and high strength wires. 

Based on the extruded reinforced profiles the achieved geometrical accuracy of the reinforcement 

position was analyzed as well as the lateral seam welds. The gap between reinforcement and base 

material and the resulting debonding shear strength have been discussed. The results can be stated 

as follows: 

1. When embedding the reinforcement, geometrical inaccuracies in horizontal and vertical 

direction of less than 0.2 mm occurred in the analyzed profile. This value is in close 

accordance with former investigations when extruding a relatively weak AA-6060 aluminum 

alloy. So high process stability can be expected even when changing the alloy. 

2. Due to low pressure in the composite development zone a slight gap between reinforcement 

and base material was found in some areas. An increase in the bearing channel angle reduced 

this gap, although it was not completely closed. 

3. SEM investigations on push-out specimens have shown base material sticking to the pushed-

out reinforcement. Furthermore, plastic deformations of the base material were visible so that 

a debonding shear strength is higher than the strength of the base material can be assumed, 

even if a very small gap between base material and reinforcement remains. 

The crack stopping properties of the aircraft stringers will be investigated in future testing. 
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