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Abstract. Shear cutting is one of the most important manufacturing processes due to its high 
productivity and process stability. The advantages of shear cutting also obtain in high-speed 
cutting and cutting with enhanced speed. In addition, further advantages such as high 
dimensional accuracy and a predominant fracture zone accompany it. At the same time, 
according to literature, high cutting speeds lead to increased temperatures in the shear zone, 
which can entail tool damage and wear in the short or long term. Knowledge of the temperatures 
is therefore indispensable for forward planning and economical production processes. Therefore, 
measurement of temperature in the shear zone has already been approached by a wide variety of 
methods. In this paper, the temperatures are determined by recording the thermoelectric voltages 
occurring during shear cutting with enhanced speed up to 270 mm/s and converting these 
voltages into temperature values using knowledge of the Seebeck coefficients of the punch and 
sheet material. 
Introduction 
High-speed shear cutting can be characterized by a cutting speed of over 500 mm/s, since the 
fracture mechanism of the blanking process changes from this speed on [1]. Therefore, high-
speed cutting has several advantages over the conventional shearing process. In addition to high 
dimensional accuracy and low deformation, the components have low burr height, cutting 
surfaces with a predominant fracture zone content and a particularly fine-grained surface at the 
same time. Furthermore, this process leads to a reduction of the deformation zone and less work 
hardening [2]. High-speed shearing consequently saves material as well as rework and eliminates 
the need for lubricants [3]. 

During the shear cutting process, the sheet metal is deformed both plastically and elastically 
until it is separated. For this, a defined amount of cutting work must be performed. A large part 
of the plastic deformation work, up to 95% according to Macdougall [4], is converted into heat. 
Only a small part is stored in the structure of the material [5]. 

If more forming heat is generated by increased forming speeds and, at the same time, only a 
limited amount can be dissipated by heat conduction, the originally isothermal process takes on 
an adiabatic character. Due to the high temperatures, softening processes occur in the forming 
zone. This adiabatic softening influences the fracture process during material separation and thus 
leads to an improvement in the quality of the blanking parts. [6] 

In traditional blanking the punch speed is about 100 mm/s [3]. This paper deals with cutting 
with enhanced speed of up to 270 mm/s and investigates if the advantages for high-speed cutting 
also obtain here. 

Although the high cutting speed leads to higher productivity and better part quality, it is also 
associated with the occurrence of high temperatures within the shear zone and in the contact area 
between the active element and the sheet. 
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Knowing the values of these temperatures is of particular importance, since a significant 
influence of the temperature on the process can be assumed above a temperature of 200 °C. 
Especially increased tool wear due to local changes of the mechanical properties of the tool 
materials, thermally induced mechanical stresses in the tool surface [7] and increased adhesion 
behavior [6] result from an increased temperature. During cutting with a very small cutting 
clearance, thermal expansion of the active elements can also lead to tool damage [8]. Likewise, 
damage to the tool coating can occur due to the cyclic thermal stress [9] as well as a reduction in 
the lubricant effect [10]. The measurement of the resulting temperatures during cutting with high 
stroke rates under different process parameters is therefore indispensable to ensure an 
economical production process. However, profound knowledge of occurring temperatures while 
blanking is important to understand and improve the process. For example, wear phenomena 
such as adhesion formation, which is significantly influenced by temperature itself as well as 
side effects such as thermoelectricity [11]. 

In the past, several approaches to determine the temperature in the contact zone between sheet 
metal and active elements during shear cutting have been taken. These approaches can be 
divided into experimental, analytical and numerical. In experimental studies, thermocouples 
were often inserted into punches or cutting plates to determine temperatures [12]. Another 
method was the detection of thermal radiation from the punch surface [8]. Similarly, an 
examination of the microstructure of cut components can allow conclusions about temperatures. 
The temperatures determined range between 32 °C [12] and 600 °C [13].  

Analytical calculations also led to values of around 500 °C in the forming zone [7]. In 
addition, investigations into the numerical modeling of the temperature rise have already been 
carried out several times. Gruner and Mauermann determined by far the highest values in cutting 
simulations with increased cutting speeds. Values from 450° to 500 °C were mentioned in this 
context [14]. 

In addition to these measured values, experts assume temperatures of up to 300 °C for 
conventional cutting speeds and up to 1000 °C for high-speed cutting when working with  
steel [15]. 

Demmel first pursued the approach of determining temperatures by means of 
thermoelectricity in shear cutting [16]. With his measurement method, he confirmed previous 
assumptions that the temperature in the shear zone increases with the cutting speed and reduces 
with die clearance. The sheet metal also has an influence on temperatures. When cutting steel 
sheet, temperatures are significantly higher compared to aluminum alloys [17]. Besides 
maximum temperatures, this measuring method also enables the possibility to determine the 
characteristic temperature profile for forming processes [16]. 

The thermoelectric phenomena, called the Seebeck effect, occurs when two different electrical 
conductors come into contact and are simultaneously subjected to a temperature gradient. During 
the blanking process, the punch and the sheet metal have electrical contact and therefore 
represent those two conductors. The temperature differences within the conductors induce the 
thermodiffusion of charge carriers in the punch as well as in the sheet. The resulting potential 
difference leads to an electric voltage measurable in an open circuit. As punch and sheet metal 
build the pair of conductors, the measuring principle is called tool-workpiece-thermocouple. 
With the use of this principle, temperature measurement is possible with minimal time delay, 
since the tool represents the sensor. Besides the temperature gradient, the difference in the 
material-specific Seebeck coefficients (SCs) of the contact partners determine the thermoelectric 
voltage. In turn, the SC is determined mainly by its chemical composition. However, the 
different crystal structures and grain sizes of the materials also change it. The SC describes the 
thermoelectric behavior of materials and is a measure of the increase in thermoelectric voltage 
with respect to temperature [18]. 
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To infer temperatures from the measured thermoelectric voltages, it is necessary to know the 
Seebeck coefficients of both contact partners. These coefficients must be determined 
experimentally for the calibration of the measuring system. 
Experimental Setup 
Determination of the thermoelectric properties. An experimental determination of the SCs of the 
investigated tool and sheet materials was possible with a special test rig developed at the Chair of 
Metal Forming and Casting. For the measurement of the thermoelectric voltage, the two ends of 
the material samples are exposed to a defined temperature difference. This is achieved by 
cooling one end of the sample in an ice bath to 0 °C and heating the other end to 500 °C by 
contact with a copper block. The heated end is then cooled back down to 0 °C using dry ice. Due 
to the high inertness and temperature resistance, both sample ends were connected to a high 
precision voltmeter by platinum wires. This ensures a consistently high quality of the 
measurements. The maximum deviation of the voltage signals is 1.5 % in the measured 
temperature range. At the same time, platinum serves as a reference material for the 
thermoelectric characterization. Subsequently, the Seebeck coefficient is calculated from the 
measured thermoelectric voltage. [16]  

Blanking tool and press. For the measurement of thermoelectric voltages during shear cutting 
and forming, a special tool was designed which, due to its four-track design, allows simultaneous 
investigation of different configurations. Both the punch and the sheet material are connected to 
the voltmeter by low resistance copper cables, as it can be seen in Fig. 1. The temperatures at the 
junctions were measured with high precision semiconductor temperature sensors. To minimize 
disturbances, the active elements and the sheet metal are electrically isolated from the rest of the 
tool. The single stroke tests were carried out on a BSTA 1600-181 high-performance stamping 
press, Bruderer, Frasnacht (Switzerland).  

 
Fig. 1 Blanking tool [17] 

Materials 
In this publication, the hot-rolled fine-grain steel S355MC with a thickness of 4 mm serves as 
sheet material. It provides a tensile strength of 491 MPa and is a commonly used steel in cold 
forming and blanking operations. The punch material is a CF-H40S powder metallurgical 
cemented carbide. Due to its fine-grain structure, high homogeneity and negative Seebeck 
coefficient, the material ensures a high quality thermovoltage and thus temperature 
measurement. A hardness of 1400 HV 10 qualifies it for forming and blanking operations. 
Approximate temperature-dependent values of the relative Seebeck coefficient from a maximum 
of 17 µV/°C to a minimum of 10 µV/°C were determined for the sheet material and -10 µV/°C to 
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-3 µV/°C for the punch material over a temperature range of 0°C to 500°C. Tab. 1 shows the 
chemical composition of both materials, measured by an optical emission spectrometer. 

 
Table 1: Mass fraction of the chemical composition of the investigated materials (in percent). 

CF-H40S WC Co 
88.0 balance 

S355MC C Mn Fe 
0.1 0.45 balance 

Results 
During this investigation, the temperature and the respective punch force during shear cutting for 
three different speeds were observed. To examine a high velocity range, from normal shear 
cutting to cutting with enhanced speeds, the stroke rate was varied between 60 1/min and 300 
1/min, corresponding to a punch impact speed of 50 mm/s respective 270 mm/s. For every 
configuration, three measurements were conducted. Fig. 2 shows the averaged punch force (a) 
and temperature (b) profiles. The x-axis represents the punch travel. While negative values 
indicate punch movement towards the bottom dead center at 0 mm, the return stroke afterwards 
is represented by positive values. All experiments were carried out at least three times in order to 
exclude random measurement errors. The highest standard deviations are 1 kN for all force 
measurements and 6 °C for the temperature range. 

Punch force. The punch force profiles show a characteristic shape for blanking forces with 
five stages 1-5 but differ in detail. At the beginning (-8.0 mm) the punch comes into contact with 
the sheet metal and deforms it elastically (1), apparent in a rise in linear force that is the same for 
all velocities, since it represents the Young’s Modulus. Afterwards, plastic deformation begins 
at -7.7 mm, as indicated by a change of curvature (2). For 60 1/min the force maximum is 
reached at -7.0 mm with 73 kN; for both higher velocities it amounts to 75 kN at -7.2 mm. 
Consequently, the force declines and the material is separated at -6.0 mm (3). For both lower 
speeds, the force profiles show a similar shape, with a strong decrease down to 18 kN for 
60 1/min and 21 kN for 150 1/min. Both rise again for about 10 kN at -4.0 mm when the slug 
hits the slug from the previous stroke in the die channel. During cutting with a stroke rate of 
300 1/min, after the maximum, the force stays higher at a plateau and decreases only to 36 kN. 
This difference can be traced back to the formation of adhesions in the die channel and on the 
lateral surface of the punch, resulting in varying frictional forces. Therefore, the punch force 
shows a slightly higher standard deviation of ± 2.5 kN in this phase. The force rebound because 
of the second slug is not especially sharp and amounts to only 4 kN. Towards the bottom dead 
center, a slight force decline can be observed for all profiles (4). The maximum return stroke 
forces amount to -21 kN for 60 1/min, -33 kN for 150 1/min and more than -50 kN for 300 1/min 
and exceed the maximum measurable tensile force (5). 
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Fig. 2 Punch force (a) and temperature profiles (b) for three different cutting speeds and a die 

clearance of 1 % 
Temperature Profiles. The five blanking stages can also be seen in the temperature profiles. 

While elastic deformation (1) does not entail heating, no temperature rise from the ambient 
temperature of 21 °C occurs in the beginning. This temperature corresponds to the volume 
temperature of the tool and remained constant over all experiments. When the sheet metal is 
plastically deformed (2), work dissipates and instantaneously triggers a temperature rise, more 
pronounced with higher cutting speeds. The temperatures increase during stages (2) and (3) and 
reach a local maximum at the final material separation at -4 mm, with 107 °C for 60 1/min, 
156 °C for 150 1/min and 199 °C for 300 1/min, when the slug leaves the stamping grid. Both 
lower speeds show a slight temperature decrease when the slug comes into contact with the slug 
from the previous stroke, which is still in the die. Afterwards, the temperature declines toward 
the bottom dead center (4) to 42 °C, 65 °C and 97 °C. In the return stroke (5), high friction 
between stamping grid and punch occurs and causes the temperature to rise again, mainly due to 
frictional heating. All temperatures reach their respective global maximum of 124 °C, 237 °C 
and 292 °C at 5.7 mm. 
Discussion 
Regarding the force profiles, low-speed cutting (60 1/min and 150 1/min) shows a similar shape 
for the complete blanking process. Cutting with enhanced speed changes the slope in three ways. 
First, a force plateau occurs after the maximum force is reached; it is caused by a change in the 
material separation process, where the crack propagation is delayed and thus a higher area of 
clean cut occurs, which can clearly be seen in Fig. 3. Second, the force rise, when the slug from 
the previous stroke is hit, is not especially sharp and strong. This phenomenon can be traced back 
to the higher impact speed, thus the inertia force is higher and static friction is overcome faster. 
The third difference is the much higher return stroke force due to a clamping effect between 
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stamping grid and punch, caused by the larger contact area resulting from a greater area of clean 
cut in combination with adhesions at the lateral surface of the punch due to the higher 
temperature. Regarding the temperature profiles, it becomes obvious that higher speeds entail 
higher temperatures. The reason is less time for heat conduction and equalizing effects, together 
with the higher forces and thus dissipation. Hampered heat conduction can also be seen 
at -4 mm, where the slug of the previous stroke produces a small cooling effect, visible in a small 
dip in the temperature profile, for only the two lower velocities. 

 
Fig. 3 Cutting surfaces of parts cut with 60 Strokes per minute (left) and 300 strokes per minute 

(right) 
Conclusion 
Cutting with enhanced speeds affects the blanking process in different ways. One is a change in 
the punch force slope, which entails a variation in the cutting result, apparent in a higher area of 
clean cut compared to components cut at slower speed. This shows that, although shear cutting 
leads to a very good cut surface quality due to the large clean cut area, the typical fracture 
behavior of a cut surface after shear cutting with high-speed is not yet evident here. 
Temperatures that lead to a loss of strength within the shear band and thus to the formation of a 
plane cut surface with a predominant fine-grained fracture zone are not reached with maximum 
temperatures of 292°C. The late failure point of the sheet material also leads to the disadvantage 
of high forces during cutting and the return stroke. 

In addition, a clear difference compared to cutting with low speeds can be seen in an increase 
in temperatures during the whole cutting process. This difference is caused by the reduced time 
for heat equalization and the change in the higher forces. Currently, preparations are being made 
to accelerate the punching process into the range of high-speed blanking in order to measure 
temperatures at even higher punch velocities. In this way, on the one hand, the boundary between 
conventional and high-speed blanking can be precisely determined for the first time and, on the 
other hand, the separation mechanism in the adiabatic range can be investigated in more detail. 
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Abstract. The combination of incremental sheet metal forming and high-speed forming offers new 
possibilities for flexible forming processes in the production of large sheet metal components of 
increased complexity with relatively low forming energies. In this paper, the general feasibility 
and process differences between the pulse-driven high-speed forming technologies of 
electrohydraulic and electromagnetic forming were investigated. An example component made of 
EN AW-6016 aluminum sheet metal was thus formed incrementally by both processes and the 
forming result evaluated by an optical 3D measurement system. For this purpose, a forming 
strategy for electromagnetic incremental forming (EMIF) was developed, tested and adapted to the 
electrohydraulic incremental forming process (EHIF). The discharge energy, the tool displacement 
and the pressure field of the forming zone were determined as relevant parameters for the definition 
of an adequate tool path strategy. It was found that the EHIF process is less affected by larger 
distances between the tool and the blank, while this is a critical variable for force application to 
the component during EMIF. On the other hand, the more uniform pressure distribution of the 
EMIF process is advantageous for forming large steady component areas. 
Introduction 
The global trends towards individualized and regionally adapted products are leading to new 
challenges for production technologies due to the significantly higher number of variants and 
simultaneously decreasing batch sizes [1]. In addition, the reduction of greenhouse gas emissions 
and the sustainable use of resources are currently significant requirements for both manufacturing 
processes and products. Lightweight structures, for example, are a possible solution for addressing 
these challenges. The use of lightweight materials and more differentiated geometries leads to 
increasingly complex sheet metal components with the aim of saving materials and reducing CO2 
emissions. These demands on forming technology result in the need for flexible and cost-efficient 
production of complex components in small batch sizes. It is therefore necessary to develop 
innovative manufacturing processes that can meet these requirements in a good way. 

Incremental sheet metal forming is one approach to the economical production of sheet metal 
components in small batches. In conventional incremental sheet metal forming a universal tool is 
used to create the desired workpiece shape. This universal tool (stylus) rotates and is moved by a 
CNC-machine or robot in paths along the desired geometry. The dimension of the mandrel is 
typically very small in comparison to the size of the workpiece and thus the part is formed 
gradually and locally. The small deformation zone of the tool makes it possible to dispense with 
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at least one half of a forming tool such as those used in conventional forming processes like deep 
drawing. Incremental forming technologies therefore offer a high potential for increasing process 
flexibility and reducing tooling costs due to the decreased shape retention rate. A disadvantage of 
incremental sheet metal forming is that the production of large complex parts with fine details is 
only possible with long machining times. The process is also of limited accuracy for small radii 
and demanding geometries [2, 3]. 

High-speed processes, by contrast, offer a solution for manufacturing complex geometries with 
a high accuracy. These processes are characterized by high forming-speeds (e.g. 400 m/s) and 
strain rates (e.g. 104s-1) which lead to increased formability for many materials. Sharp-edged 
shapes and small radii, in particular, can be produced more accurately than with quasi-static 
processes [4, 5]. Due to the short process times, inertia effects can be exploited in tool design. The 
required clamping forces are thus significantly reduced and the tools are more cost-effective [6]. 
Electromagnetic forming (EMF) is an active-energy-based high-speed forming process, which was 
first mentioned in the 1960s [7]. Electrohydraulic forming (EHF) is a working-media-based high-
speed forming process. A limiting value for both methods is the size of the part to be formed, 
because they are usually only suitable for small or medium sized components or just for individual 
areas of a component due to equipment limitations. In the case of large components, very high 
capacitor charging energies are required, and the load on the tools increases significantly [8]. Other 
working principles for high-speed forming include the use of explosives and pneumomechanical 
compression [9]. 

In EMF the loads acting on the workpiece are generated using the energy density of pulsed 
magnetic fields. For this purpose, a transient current is imposed on the active tool (inductor), which 
generates a magnetic field (see Fig. 3 left). This in turn induces an eddy current in the workpiece, 
which flows in the opposite direction to the inductor current. Based on the fundamental principles 
of electrodynamics, so-called Lorentz forces are produced in this way. More simply, the acting 
loads can also be calculated as magnetic pressure according to Eq. 1 [10]. To obtain appropriate 
results, it is necessary to know the magnetic field intensity Hgap between the inductor and the 
workpiece, the penetrating magnetic field intensity Hpen on the other side of the workpiece and the 
permeability µ. As soon as the magnetic pressure reaches the yield strength of the material, the 
deformation of the workpiece begins. A detailed description of the process principles, equipment 
and applications is given in [11]. 

𝑝𝑝 =  1
2

µ�𝐻𝐻𝑔𝑔𝑔𝑔𝑔𝑔2 −  𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝2 � (1) 

In electrohydraulic forming, the workpiece is formed by a short but very high pressure pulse. This 
is achieved by applying a high voltage to an assembly of two electrodes inside a water-filled 
discharge chamber (see Fig. 3 left). The voltage is supplied by capacitors. For forming, these are 
short-circuited via a spark gap between the electrodes. As soon as the water resistance is overcome, 
a plasma channel is formed and expands at high speed in the working medium. The resulting 
shockwave accelerates the workpiece into the single-sided die. In conventional EHF setups, the 
blank is positioned between the die and the discharge chamber in direct contact with the working 
media. The insulation between the electrodes and the housing, and the sealing of the housing 
against high pressures are important for the stable operation of EHF tools [12]. 

The electromagnetic incremental forming process (EMIF), first proposed in [13], combines the 
advantages of high speed and incremental forming into a new forming process for larger sheet 
metal parts. The coil system is moved across the part and local deformation generated to shape the 
part incrementally. A process strategy for forming complex parts by EMIF was investigated in [6]. 
Discharge energy, tool displacement and the pressure field were found to be relevant parameters 
for defining a suitable tool path. In [14], a further approach to incremental forming technology was 
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presented by combining it with the electrohydraulic forming process. The incremental application 
of the electrohydraulic effect for forming complex geometries with sheet metal has not, however, 
been proven as yet. This paper provides the proof of concept for the electrohydraulic incremental 
forming (EHIF) strategy and compares EMIF and EHIF on the basis of a specific demonstrator 
component. For this purpose, the EMIF forming strategy developed at the Fraunhofer Institute for 
Machine Tools and Forming Technology (IWU) in Chemnitz was transferred to the EHIF process 
by the Chair of Forming and Machining Technology (LUF) in Paderborn. The same geometry was 
considered for both technologies to allow a direct comparison. 
Experimental setups 
For EMIF, a flat spiral coil made of CuCrZr1 with a diameter of 120 mm is used as the active tool. 
It consists of 2.5 turns and each turn features a width of 10 mm and a height of 25 mm. The 
insulation distance between the turns is 6 mm. A pulsed-power generator of type Bluewave 
PS100/25 from PSTproducts, Alzenau, Germany, provides the electrical energy. The maximum 
capacitor charging energy is 100 kJ at a maximum voltage of 25 kV and a maximum capacitance 
of 330 µF, which can be changed incrementally. The sheet is positioned between the inductor and 
the tool via a clamping frame. The positioning is achieved by two orthogonally aligned linear axes. 
A more detailed description can be found in [6]. 

The tool used for the investigation of the EHIF process at the LUF consists of an electrode 
system with two CuCrZr12 electrodes arranged facing each other in a cylindrical discharge 
chamber. The discharge chamber has a diameter of 150 mm and a spherical reflection surface 
above the electrodes. The electrical energy is provided by an SSG-0620 pulsed-power generator 
from Poynting GmbH, Dortmund, Germany. The maximum capacitor charging energy is 6 kJ at a 
maximum voltage of 20 kV and a capacitance of 30 µF. In contrast to conventional EHF tools, the 
active medium (water) and the workpiece are separated here by an expandable membrane in high-
grade NR-SBR (hardness = 40 Shore) with a thickness of 3 mm. This makes it possible to move 
and position the tool freely on the workpiece. A more detailed description of the process principles 
and the tooling can be found in [6, 14, 15].  

The forming-tests were carried out using aluminum sheet made of the alloy EN AW-6016 with 
a thickness of 1 mm. In quasistatic tensile tests in the rolling direction, a yield strength Rp0.2 of 
133 MPa and a tensile strength Rm of 241 MPa at a uniform elongation Ag of 16.1 % were 
determined. 

Incremental manufacturing requires the development of a component-specific forming strategy. 
The pressure distribution in the forming zone must be taken into consideration here. Analysis of 
the membrane behavior is one possibility for achieving a qualitative description of the pressure 
distribution within the EHIF forming zone. Fig. 1 shows, by way of example, the evolution of free 
expansion of the membrane during a discharge with 3 kJ and 20 kV. The images were taken with 
a high-speed Fastcam SA1.1 camera from Photron at a frame rate of 5000 fps. Immediately after 
ignition, the membrane expands in a cone shape within 13.2 ms. The pressure maximum is at its 
center and the expansion attains a maximum of 134 mm. After the membrane has receded from 
the first expansion, the pressure waves reflected in the discharge chamber are superimposed and 
an annular expansion occurs. From this point onward, the membrane oscillates between conical 
and annular expansion with a rapid decrease in intensity. It can be assumed that, in the process of 
forming sheet metal, only the first two expansions contribute significantly to the forming, because 
the impulse is quickly absorbed by the damping of the membrane and energy dissipation during 
forming. 
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Fig. 1 High-speed camera images of the EHIF membrane at 3 kJ and 20 kV discharge 

parameters 
Electromagnetic incremental forming of a chair seat 
The concept for EMIF for large complex parts was already proven in [6]. For this, a small area of 
a chair seat, designed by elem design [16], was formed with different capacitor charging energies 
and distances between each step. Taking the experience gathered from these prior investigations 
on small sections of the part, a strategy for forming the full chair seat was developed in this work. 
It was found that the process parameters have to be adapted to the geometrical variations within 
the component. In detail this means that smaller relative displacements are necessary for fine 
structures. This in turn makes it possible to increase the displacement for large steady areas. In 
addition, as is familiar from single shot forming, sections with a higher depth of the die require 
higher capacitor charging energies. The forming strategy shown in Fig. 2 is the result of these 
findings. 

 
Fig. 2 EMIF forming strategy (left) and resulting workpiece (right) 

A suitable starting point for the forming process is the center of the front area of the chair seat 
(a1). Here, only minimal forming is necessary and hence a low capacitor charging energy is 
required. In addition, the gradient of the forming depth below the effective area of the inductor is 
very low compared to all other areas. The value was therefore set to 2.5 kJ. For the area with the 
largest forming depth, on the other hand, a capacitor charging energy of 7.5 kJ was used. For all 
other areas of the chair seat surface, it was set at 5 kJ. 
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In terms of the geometric boundary conditions, the workpiece is well suited to a discontinuous 
trajectory. As shown in Fig. 2 left, the process was first performed in columns (i.e. in the x-
direction), alternating from the inside to the outside (letters a to m). Then the rows (numbers 1 to 
25) were formed. The distance from one line to the next was 15 mm. Between the columns there 
was 30 mm in each case. Since small edge radii run all around the u-shaped flat surface, small 
displacements (i.e. 15 mm) were chosen at these points. In the center of the workpiece, only a few 
geometric details are present. A displacement of 60 mm was therefore used in this area. All other 
areas were produced with a relative displacement of 30 mm. Based on this, the positioning 
sequences of the inductor were a1, d1, e1, h1, …, j2, k2, l2, m2, a3, d3, …, a5, d5, e5 and so on. 
With the selected path strategy, 158 capacitor discharges were necessary to form the chair seat. 15 
discharges were performed using 7.5 kJ, 17 discharges performed using 2.5 kJ and all the other (i. 
e. 126) discharges were performed using 5 kJ.  

Fig. 2 right shows the result. The u-shaped plane, including the surrounding radii, is well 
formed. The areas with the lowest forming depths show visible imprints of the inductor for the 
individual increments, but these are only visible on the side facing the inductor. These imprints 
should be prevented by homogenizing the magnetic pressure through adjusting the inductor 
geometry. Furthermore, the complete forming depth has not been reached in the deepest section of 
the die. This is because the inductor was only moved parallel to the sheet plane. In general, it was 
shown that workpieces of a good quality can be formed by EMIF. 
Proof of concept for electrohydraulic incremental forming 
Next, the feasibility of EHIF was demonstrated too. For this purpose, the capacitor charging 
energies had to be adapted to the different technology (EHIF) and equipment. In order to identify 
the corresponding energy level – i. e. energy levels leading to the same deformation – in EMF and 
EHF, free forming tests, similar to [14] were carried out, i. e. metal blanks (ø220 mm) were formed 
by EMF and EHF into a drawing ring without restricting the forming depth (Fig. 3). 

  
Fig. 3 Forming depth as a function of the energy levels for EMIF and EHIF 

Achieving the same forming depth by EHF requires a slightly higher capacitor charging energy 
than EMF. However, the large number of increments required for forming at capacitor charging 
energies close to the power limit of the EHIF system at LUF significantly stresses the tooling 
system and hence the applied discharge energy was limited to 4.5 kJ. Fig. 4 shows the EHIF 
forming strategy. The starting point (a1) and the discontinuous trajectory were adopted from 
EMIF. The numbered row spacing in the y-direction (15 mm) and the alphanumeric column widths 
in the x-direction (30 mm) are identical to those for the EMIF forming strategy in Fig. 2 too. 
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Fig. 4 EHIF forming strategy (left) and resulting workpiece (right) 

In the same way as for the EMIF strategy, different capacitor charging energies were used for 
areas of different forming depths, but the energy level was adjusted to 3 kJ for the u-shaped flat 
area and 4.5 kJ for deeper sections of the die. While, for the EMIF forming strategy, a larger 
displacement of the tool could be chosen for successful deformation of steady areas without fine 
structures, the discharges in this area have to be distributed more evenly and with a smaller 
displacement for the EHIF forming strategy, because dents result in the seat surface if the 
displacements are chosen as large as those for EMIF. One possible cause is that the maximum 
pressure of the EHIF forming zone acts in its center, while in case of EMIF a ring-shaped area 
exists in the middle coil radius. In addition, discharges with high energies and large displacements 
caused already-formed areas to spring back or rebound. This effect was particularly pronounced 
for discharges in deep sections of the die. A smaller-step approach and staggered discharges in the 
middle section of the seat (see Fig. 4 columns 11 and 15) proved successful here. Overall, the 
displacement in y was changed from 15 mm to 30 mm. Previous forming tests showed that this 
did not cause any deterioration in the good forming of the radii for the u-shaped flat area. Two 
additional discharges (see Fig. 4 n3 and o3) were positioned in the bottom section of the seat to 
counteract wrinkling in the corner area. A total of 108 discharges were thus used for forming with 
this strategy, 60 of which were performed with 3 kJ and 48 performed with 4.5 kJ capacitor 
charging energy. The radii in the u-shaped area were well formed, while the front end of the seat 
is warped. This indicates subsequent deformation due to material being drawn into the deeper areas 
of the die.  
Comparison of EHIF and EMIF 
The forming result of the workpiece was measured using the Comet L3D optical measuring system 
from Steinbichler. Following the measurement, the workpiece and tool geometry were 
superimposed, and their deviation determined. Fig. 5 shows the forming results for EHIF (left) and 
EMIF (right). The deepest region of the die (area A) was better formed by EHIF than by EMIF 
although free forming tests showed that single-discharge EMF achieved higher forming depth for 
equivalent capacitor charging energies (Fig. 3). The reason for the inferior forming of EMIF is the 
longer distance between the inductor and the blank in this area, which is caused by pre-
deformations resulting from preceding forming increments. It is well-known that increasing this 
distance significantly reduces the magnetic pressure and hence the deformation in that region. A 
possible solution is to shift the EMIF tool in the z-direction in order to reduce the distance again. 
The membrane, or the active medium of the EHIF process respectively, can easily overcome this 
distance as a moving mass with less energy dissipation. 
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Fig. 5 Dimensional deviation between the workpiece and die for EHIF (left) and EMIF (right) 

Furthermore, it is obvious that the middle section of the component produced by the EHIF process 
(area B) deviates from the target geometry. This might be due to the lever effect created by the 
point load on the sheet metal due to the pressure distribution of the EHIF forming zone. It may 
also be responsible for the dent formation in large steady areas of the component. The component 
produced by the EMIF process shows significantly less irregularities in this area due to the more 
uniform pressure distribution of the forming zone. The comparison of the seat edges (area C) in 
the lower part of the image shows, that the pressure in the outer area of the EHIF forming zone is 
not sufficient to achieve the set shape and therefore further discharges are necessary.  
Based on these results, it is possible to make initial rough estimates of the economics of the 
process, especially with regard to the process time and the energy costs. As modern pulsed power 
generators typically allow a maximum discharging rate of four discharges per minute, the 
production of one full chair seat takes about 39.5 minutes in the case of EMIF and 27 minutes in 
the case of EHIF [17]. To estimate the energy cost for the forming process, the power consumption 
of the pulse generator was recorded at IWU as a function of the capacitor charging energy. For 
EMIF of the chair seat, the total energy consumption is 0.328 kWh. Taking an electricity price of 
€ 0.15673/kWh, as averaged out over the last 10 years for industry in Germany, this energy 
consumption corresponds to electricity costs of € 0.0514 per component. Taking the same 
characteristic values, the electricity costs for the EHIF process are € 0.0265 per component. 
Conclusion 
This study has shown in broad terms that the incremental approach of electromagnetic and 
electrohydraulic forming can be used to form workpieces of a good quality. Nevertheless, there is 
still further potential for reducing the deviation between the set and the measured geometry. The 
process-related differences were mainly seen in the way the load is transferred to the blank. While 
in the EMIF process the distance between the die and the coil is a relevant factor for the forming 
depth, the active-media-based EHIF process can overcome larger distances. In terms of the 
evenness of the component surfaces produced, the more uniform pressure distribution of the EMIF 
process is advantageous. Further investigations should aim at improving the forming strategy. 
Adding a tool displacement in the z-direction in order to achieve greater forming depth as well as 
varying the number and distribution of discharges for a better fit of the desired geometries are 
possible approaches. 
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Abstract. Due to the use of high-strength steels to achieve lightweight construction goals, 
conventional shear cutting processes are reaching their limits. Therefore, so-called high-speed 
impact cutting (HSIC) is used to achieve the required cut surface qualities. A new machine concept 
consisting of linear motors and an impact mass is presented to investigate HSIC. It allows all 
relevant parameters to be flexibly adjusted and measured. The design and construction of the test 
bench are described. The validation was performed with HSIC of a mild deep-drawing steel sheet. 
The velocities as well as the cut surface were analysed. 
Introduction 
The manufacturing of complex components and assemblies, such as vehicle bodies, requires 
additional punching operations after the actual forming process in order to be able to realize the 
final component geometry. On the one hand, this includes the trimming of formed parts, and on 
the other hand, holes or forming contours are cut into the component to ensure further processing 
as well as the function of the component. Therefore, a primary challenge is to ensure the required 
cut quality. Due to the growing importance of lightweight construction, higher, high-strength and 
ultra-high-strength steels are increasingly being used in vehicle construction [1], which means that 
the application limits of conventional shear-cutting operations are being reached. One approach to 
optimize the shear-cutting of ultra-high-strength steels is to exploit high-speed effects in cutting 
processes. In recent years, the potential of high velocities (v ≥ 10 m/s) in shear-cutting has been 
investigated, analysed and evaluated within the framework of various research projects [2–4]. In 
so-called high-speed impact cutting (HSIC), the early shear failure in the material is exploited by 
generating adiabatic shear bands [5]. Due to this effect, even ultra-high-strength steels can be cut 
with a particularly high quality of the cut surfaces in a resource- and energy-efficient way [6]. The 
current hydraulic HSIC presses can provide very high impact energies (up to 7000 J) and require 
a large installation space. However, recent studies show that significantly lower energies are 
required for cutting. Winter et al. [7] were able to show on the 3 mm thick and hardened steel 
22MnB5 that already 250 J impact energy and velocities significantly below 10 m/s are sufficient 
to produce qualitatively very good cutting surfaces. Due to the fact that significantly lower energies 
and velocities are sufficient, this allows the use of other more flexible drive concepts with 
significantly smaller installation space. Conceivable here are electromagnetically accelerated 
drives, such as that of Linnemann et al. [8]. Therefore, an impact body is accelerated, which 
provides the impulse for the subsequent shear-cutting. However, the disadvantage is that the 
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accelerated mass is usually below 5 kg, otherwise the coils and the currents are very large, 
consequently the energy provided is also very low. Pneumatic [9] or explosively [10] operated 
drives are also conceivable. If larger masses are to be accelerated, however, they quickly reach 
their limits. Likewise, the explosive drives are hardly transferable to larger industrial areas. So-
called linear motors offer an interesting approach here, because in comparison with conventional 
drives they can reach higher dynamics due to the lack of mechanical coupling elements [11]. These 
are mainly used in the areas of handling systems, machine tool and special machine building as 
well as packaging and assembly systems [12]. Linear motors have a high degree of flexibility, are 
very compact and can easily accelerate masses significantly above 50 kg to the velocity range 
relevant for the HSIC (v > 2 m/s). Nevertheless, linear actuators are not currently used for HSIC. 
This study will be the first to use the advantages of a linear actuator for the HSIC.  
Conception of the high-speed impact cutting process 
The principle of a drop tower was adopted for the implementation of HSIC. A large impact mass 
(IM) is actively accelerated by a linear motor unit and transfers the impulse as an elastic impact to 
a smaller, float-mounted mass – the shear-cutting tool. The mass ratio and the physical relationship 
of the elastic impact result in a higher speed of the tool with mounted cutting punch, which should 
be in the adiabatic range. Fig. 1 describes the distribution of the different energies and their specific 
calculation. Initially, the kinetic energy of the IM is available, based on the velocity vIM0 of the IM 
before the impact. After the impact, the kinetic energy of the IM splits into a remaining kinetic 
energy of the IM and the kinetic energy of the upper part of the cutting tool. The latter is available 
for the blanking process and is divided into the required cutting energy and an available energy for 
cutting speed.  

The quantity of this available energy finally determines the speed at which the cutting punch 
moves through the sheet metal strip in theory. The required masses of the IM and cutting tool as 
well as the required processing speeds are calculable inversely via the theoretically occurring 
cutting speed. This should be in adiabatic range for the generation of reproducible high-speed 
cutting effects on the workpiece. 

 
Fig. 1: Allocation of the present process energies for conceptual design and their calculation, 

assuming an uncoupling speed of the linear motors with 2 m/s 
The calculation starts with an impact speed of IM. This is composed of the nominal speed of 

the linear motors (set to 2.0 m/s) and a residual drop height (assumed to 0.5 m). For the latter, a 
frictionless acceleration of 9.81 m/s² is assumed for simplification. With these assumptions, the 
impact velocity vIM0 amounts 5.1 m/s. To calculate the velocities of the IM vIM1 and the cutting 
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tool vTool after the impact, the equations of elastic impact of two masses are used. They are included 
in an adapted form in Fig. 1. Since the IM has a significantly higher mass than the upper part of 
the cutting tool, the latter will move at a higher speed than the IM after the impact. In addition to 
the calculation of the kinetic energies, Fig. 1 also shows the calculation of the cutting energy 
required for blanking of a sheet metal strip (sheet thickness s0) with a length of the cutting line ls. 
The parameter k1 is a scaling factor in the range 0.4 to 0.7 and ks describes the shear resistance 
which can be approximated with 0.8 ∙ tensile strength. After calculating the cutting energy and 
subtracting it from the kinetic energy of the cutting tool after the impact, the remaining amount is 
used to calculate the theoretical occurring cutting punch speed. In this calculation example, the 
final cutting speed is around 7 m/s. 
Constructive realization of the novel test bench 
For practical implementation, a linear motor test bench was considered, which consists of two 
separately controllable linear motors. They can perform highly dynamic motions up to an 
acceleration of 100 m/s² due to their design and are thus predestined for the acceleration of the IM.  

For the integration of the shear-cutting tool into the linear motor test bench, a column guided 
plate frame was chosen into which the cutting tool was integrated. The plate frame includes a top 
and base plate, which hold together four cylindrical guide columns with a length of two meters. 
Two further plates are located between the top and base plates, which can move along the guide 
pillars with slide bearing sockets. One of these displaceable plates acts as the IM and has to be 
accelerated by the linear motors. The second movable plate is used for mounting the cutting tool. 

The two vertically movable linear motors move synchronously in gantry mode and are 
connected via an adapter plate. The technical data for the two linear motors from SKF® are 
specified with maximum force of 3.1 kN each and a maximum feed rate with 7 m/s at nominal 
force and 2.3 m/s at maximum force. A linking mechanism was constructed on the adapter plate 
that enables the IM to be picked up. After lifting the IM to the upper end position, the linear motors 
accelerate downwards at an acceleration greater than the acceleration due to gravity. During this 
process, the IM is mechanically detached so that the motors decelerate until standstill after 
reaching the set speed. The detachment of the IM is necessary to protect the motors, as they must 
not collide with a stationary tool while the IM is linked. After detachment, the IM continues to fall 
downwards, gaining speed due to gravity. 

The cutting tool is provided with an additional mass on the upper side to absorb an increased 
amount of kinetic energy from the IM during the elastic impact. After the impact of the cutting 
tool and the IM, the cutting punch immediately performs the shear-cut and the cutting tool 
subsequently closes by itself. Next, the IM continues to move downwards at a reduced speed and 
is cushioned by two buffers. Both the cutting tool and the buffers are mounted floating on the so-
called assembly table. This table is connected to the frame of the test bench with a spring-damper 
system in order to transfer the dynamically occurring forces during acceleration and deceleration 
of the components to a large base area. In Fig. 2, the adapted design of the linear motor test stand 
is illustrated by comparing it with the concept sketch. Two high-speed cameras were used in 
combination with two high-power led spotlights to record the process speeds. 
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Fig. 2: HSIC test bench - comparison of concept sketch and constructive realisation 

In accordance to Fig. 2, the most important requirements for the test stand, their constructive 
realisation and the resulting specific advantages are summarised in Tab. 1. The main advantage of 
the test bench is the high flexibility for examination of the HSIC processes, as the applied impact 
energies can be continuously adjusted and furthermore a good accessibility for the sensory 
recording of the shear-cutting process is guaranteed. 
Tab. 1: Description of technological requirements, the corresponding constructive realisations 

and derivation of specific advantages 

Technological requirement Constructive/technological implementation 
highly dynamic acceleration of the 
cutting punch 

principle of elastic impact, acceleration of an impact 
mass with linear motors 

central localized impact on cutting 
tool 

selection of a frame with column guided plates, one 
plate is impact mass 

variation of the cutting energy 
flexible adjustment of the motor dynamics by setting 
control parameters, optional variation of impact mass 
and additional tool masses 

controlled absorption of dynamic 
forces 

use of a spring-damper system which absorbs impact 
energy and transfers it to the frame over a large area 

linear motors must not collide with 
stationary masses 

construction of a coupling mechanism which enables the 
automated pick-up and uncoupling of the impact mass 

Technological advantages compared to other test benches: 
• Precise adjustment of impact energy by adjusting engine dynamics (speed, acceleration, 

jerk, setting of launch position) and variation of impact and cutting tool masses 
• High accessibility for sensory acquisition of the HSIC process 
• Recording of the cutting punch speed with high-speed cameras as no obscuring of the 

field of vision by enclosures etc. 
• Integrated motor measuring system enables feedback on the applied impact energy 
• Easy access to the cutting tool simplifies workpiece handling 

In the following, the implemented automation and the technological sequence, shown in Fig. 3, 
are described in more detail. At the beginning, the linear motors are in the start position. Here, the 
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IM is located on the cutting tool in the uncoupled state. First, the linear motors move down to the 
IM and pick it up via a fully mechanical coupling mechanism. Afterwards, the IM is lifted by a 
few centimetres, while the upper part of the cutting tool, including the blank holder, is also lifted. 
This motion opens the cutting tool and the sheet metal strip can be inserted. Subsequently, the 
cutting tool is closed and the IM is lifted to the upper end position of the linear motors. With 
release by the user, the IM is accelerated up to the parametrized uncoupling speed. After 
uncoupling of IM, it is further accelerated due to gravity until the elastic impact with the tool and 
the execution of the cutting process. After performing the shear-cutting operation and decelerating 
the moving masses with the spring-damper unit one cycle is completed. 

A pulse-like change in speed of the IM and cutting tool occurs during the cutting process at the 
beginning of section C in Fig. 3. The speed of the cutting tool adjusts to the cutting speed, which 
results after the deduction of the required cutting energy. During the cutting process, the cutting 
punch moves faster through the metal strip than the IM falls at its residual speed. As a result, the 
cutting tool speed is temporarily at 0 m/s after the cutting process has been completed. As soon as 
the IM hits the buffers, both IM and cutting tool move downwards at the same speed and are 
decelerated by the spring-damper unit until they come to a standstill. The realized test bench is 
characterized in particular by its high flexibility on the part of the process parameters. In addition 
to the dynamic parameters like jerk, acceleration and velocity of the linear motors, the IM and tool 
masses can also be adjusted. This results in a fine granular setting of the inserted impact energy. 

 
Fig. 3: Technological flowchart for the implementation of HSIC trials 

Validation of test bench 
After the successful commissioning of the test bench, the functionality of the conceptualised 
kinematics has to be proven. This includes in particular the effective coupling and decoupling of 
the IM for different process speeds. Two high-speed cameras were used to determine the process 
speeds of the IM and the tool. Fig. 4 shows the determined velocity curves of the IM for a motor 
velocity set to 2.0 m/s. Since the entire movement range cannot be captured with one measuring 
range of the camera, three relevant measuring ranges, each covering 130 mm in the vertical 
direction, were selected. The arrangement of the first two upper windows was selected in a way 
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that, starting with the acceleration of IM from standstill, its speed was recorded approximately 
continuously over 260 mm. The set speed of the motors was already reached in the first window, 
with the result that only the acceleration due to gravity is shown in the second window. After 
passing out of the second window, IM continues to move downwards and is recorded with the third 
window subsequent at impact height. The intermediary speed curve is linearly interpolated 
according to the assumption of a uniform acceleration and constant friction and is shown with an 
interruption for better display of the subsequent camera window in Fig. 4. Window 3 shows a first 
maximum speed of the tool with approximately 3 m/s, indicating that the adiabatic cutting range 
has been reached. With 3.5 m/s, the impact velocity of IM is around 1.6 m/s below the theoretically 
calculated impact velocity vIM0 in Fig. 1. The main reasons for this are the frictional forces acting 
during the acceleration of IM. These were not considered in the conception. If the calculation of 
the cutting speed is repeated with the measured impact speed, the result is 4.5 m/s for vcut. This 
implies that vcut is still 1.5 m/s below the calculated speed. This deviation can be partly explained 
due to a not loss-free energy transfer during the elastic impact. In particular, the floating mounting 
of the tool contributes to the absorption of parts of the kinetic energy by IM from the spring-
damper system. With a good approximation, the new calculated velocity vIM1 of 1.4 m/s agrees 
with the practically measured velocity of IM after the impact. As another cause for deviations, the 
multiple rebound of IM after the first impact can be mentioned, which means that the highly 
simplified assumptions for the calculation are only valid to a limited extent. 

 
Fig. 4: Measured velocity profile of IM and tool, captured with three different recording 

windows, consisting of acceleration with linear motors (A), acceleration by free fall (B) and 
impact with the tool for a set uncoupling speed of 2 m/s (C+D) 

Validation of the HSIC process 
To validate the flexible test bench, circular blanks with a diameter of 10 mm were cut out of mild 
deep-drawing steel (1.0338). The fixed parameters for the test series were the sheet thickness (s = 
2 mm), the related cutting gap (us = 2.5 %s) and the material mentioned above. The only variation 
during the validation was the cutting speed. These were three speeds for the uncoupling of IM (1.0, 
1.5 and 2.0 m/s) and were supplemented by conventional cutting tests at 0.025 m/s. The first step 
was the evaluation of the cut surface quality according to VDI 2906 sheet 2 [13]. The summary of 
the results is shown in the Fig. 5. It can be clearly seen that the roll-over is reduced with increasing 
cutting speed. On the other hand, the proportion clean-cut zone is reduced and, consequently, the 
proportion of fracture zone increases with increasing cutting speed. Another positive aspect is the 
increase in the fracture surface angle when using HSIC. All results have a drastic change from v = 
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0.025 m/s to v = 2.4 m/s in common, but a saturation or even a reversal of the results occurs with 
further increase of the cutting speed. 

 
Fig. 5: Influence of the cutting speed on the cutting surface characteristics 

With the characterisation of the microstructure by mapping the hardness, further influences of 
the punch velocity become apparent. At a punch speed of 0.025 m/s, an increasing hardening 
towards the cut edge is visible (Fig. 6 a). The hardening depth is up to 0.5 mm from the cutting 
edge. By increasing the punch speed to 3 m/s, the hardening depth decreases to 0.3 mm (Fig. 6 b). 
It is noticeable that there is a smaller increase in hardness compared to the punch speed of 0.025 
m/s in the area from the roll-over up to the beginning of the fracture zone. Observing the 
microstructure (Fig. 6 c), it becomes clear that a large deformation has occurred in this area. This 
indicates an adiabatic shear band in this area. 

 
Fig. 6: Measured hardening profiles under variation of the punch speed: a) 0.025 m/s, b) 3 m/s 

and c) the enlargement of the microstructure in the area of large deformation at 3 m/s 
Summary and outlook 
HSIC tests were carried out with the presented test bench. Linear motors were used to generate the 
cutting energy. The construction, which is easily accessible for sensor technology, enabled the 
precise measuring of occurring tool velocities. Three different decoupling velocities (1.0, 1.5 and 
2.0 m/s) were investigated for a mild deep-drawing steel. The determined IM and tool velocities 
were lower than the conceptually calculated velocities, which is mainly due to the neglect of 
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frictional forces and energy losses during impact. In the verification of the cutting results, the high 
punch speed (up to 3 m/s) was proven. This is reflected in the influence on the quality of the cut 
surface and the microstructure. In the continuation of the presented investigations, the speed of the 
falling mass is to be further increased, with a main focus on the reduction of friction on guide 
columns. To further expand the process, it is also planned to cut other materials such as high-
strength steels. 
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Abstract. In high-speed forming processes, such as electromagnetic forming or adiabatic 
blanking, the yield stress of the material is influenced by two opposing effects: deformation 
hardening and thermal softening due to adiabatic heating. In most cases, it is difficult to determine 
the temperature in the deformation zone in the process, due to closed tools. In this study, the tool 
for high-speed blanking was modified to access the measuring technique to enable recording the 
temperature in the deformation zone of a 3 mm thick DC06 steel with a high-speed pyrometer. The 
experimental results validated numerical calculations in LS-DYNA using the strain rate-dependent 
plastic model and the GISSMO material damage model. The reached temperatures in the shear 
zone ranged from 225 °C in case of a cutting punch velocity of 6.15 m/s) to 345 °C in case of a 
cutting punch velocity of 9.64 m/s. Thus, the study shows that the used numerical model and the 
damage model have a great potential for the simulation of high-speed blanking processes. 
Introduction 
In the sheet metal processing industry, cutting processes play an important role due to their high 
cost-effectiveness [1]. Almost every structural component is subject to at least one cutting process 
during its production [2]. Due to the increasing complexity of part geometries and the use of high-
strength materials [3] often traditional blanking techniques, are not able to cope with the quality 
requirements imposed for the resulting cut surface [4]. An alternative to conventional cutting by 
shearing is adiabatic blanking or high-speed impact cutting (HSIC) [5]. The adiabatic blanking 
process is performed using a cutting tool speed of more than 3 m/s and a local strain rate above 
103 s-1 [6]. These parameters result in a local temperature increase in the shear zone during the 
process, since the heat resulting from the energy released cannot dissipate during the short process 
time. In general, the development and change of temperature in the fracture region of a material is 
extremely important [7] and can explain many phenomena occurring in the material, which are 
often misinterpreted as caused by the strain rate [8]. These two important effects, temperature 
dependence and strain rate dependence of a materials plasticity, damage and failure behavior, are 
fundamental for creating a material model that approximates the real process. In the high strain 
rate regime, experimental process analysis and process design are much more complicated, since 
the measuring equipment is limited with respect to measurement frequency, and the area where 
the local temperature maximum is reached shortly before material failure is relatively small. In 
addition, most high-speed forming processes are performed in closed working tools without the 
possibility of access to measuring equipment. 

It is well known that having a high-quality FEM model is key to cost-effective industrial 
implementation of production processes. Modern process simulation requires constitutive material 
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models to describe plasticity. These models must reflect the essential relationships between yield 
strength and stress state, strain, strain rate and temperature for the specific material [9]. In the 
particular case of high-speed blanking, strain rates in the range of 103 s-1 and higher require a wide 
range of yield curves and a suitable material damage model enabling the simulation of locally 
extremely high temperature changes in the fracture region. Here, the temperature in the shear zone 
is one of the dominant factors influencing the failure and further the quality of the cut surface. 
Thus, in the present study, for the first time, the temperature during HSIC will be measured directly 
in the shear zone using a specially modified tool and matched to a numerical model. The process 
validation will thus lead to a higher process understanding. 
Materials and Methods 
For the experimental HSIC tests and the subsequent numerical validation of the temperature, the 
steel DC06 was selected in a sheet metal thickness of 3 mm. The chemical composition of the used 
material received from the material supplier is shown in Tab. 1.  

Tab. 1. Chemical compositions of the investigated steel DC06 

 Composition (in wt-%) 

DC06 C Si Mn S Al Ti Nb Fe 
0.007 0.01 0.12 0.00 0.06 0.06 0.01 bal. 

 

  
Fig. 1: Experimental setup for the HSIC tests. a) and b) CAD drawing of the tool with 

positioning of the measuring equipment and the relevant components. c) and d) Specimen 
geometry and position of the measuring point of the pyrometer. 

The experimental tests were carried out on a high-speed ADIAflex press by MPM (Saint-
Etienne, France). The tool shown in Fig. 1a was used for the cutting tests. The punch used had a 
diameter of 20 mm and the die had a diameter of 20.2 mm resulting in a mean circumferential 
cutting gap of 0.1 mm. For the used sheet thickness of 3 mm this cutting gap corresponds to a 
relative clearance of 3.33 %. Tests were performed at an energy level of 250, 500, 750, and 1000 J 
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(adjustable machine parameter). The corresponding punch speed and the resulting temperature in 
the shear zone were determined using a tool-integrated LKH-157 laser displacement measurement 
system from Keyence (Neu-Isenburg, Germany) and an IGA 740 high-speed pyrometer from 
LumaSense Technologies GmbH (Raunheim, Germany). The pyrometer has a working range of 
160 °C - 1000 °C and an extremely high sampling rate of 166 kHz. To allow for a temperature 
measurement directly in the cutting zone (Fig. 1b), the sheets under investigation were pre-cut 
before the experiments (Fig. 1c and d). Precisely, a square with 25 mm side length was cut out at 
the outer edge. Consequently, the pyrometer could obtain the temperature directly in the center of 
the shear zone during the cutting test. The measuring area has a diameter of 0.7 mm (Fig. 1d) and 
the output data of the pyrometer is an integral quantity representative for the entire measurement 
area. The punch velocity was used as input parameter for the numerical simulation and the 
temperature measurement was used to validate the numerical model. In addition, the cut surfaces 
were evaluated with regard to the rollover height, the burnish and the fracture surface. 
FE-Simulation 
FE Analysis was performed using the explicit thermal and mechanical solver in the commercial 
software from LS-DYNA (DYNAmore GmbH, Stuttgart, Germany). The plastic deformation 
behavior of the material was described using the classical *MAT 024 PIECEWISE LINEAR 
PLASTICITY model [10], using different strain rate dependent yield curves. Details of this model 
including the yield curves used are described in [11]. Strain rate dependant damage and failure 
was modeled via the GISSMO damage and failure model developed by Neukamm et al. [12]. This 
model combines the damage description, which is used to calculate crash simulations, and an 
incremental formulation for the description of the material instability and localization. This 
fracture model can be used as a complement to the plastic material model and is specified using 
the *MAT_ADD_EROSION file. More detailed parameters for this fracture model are presented 
in [13]. 

Due to the geometry of the precut sheet, the stress distribution in the shear zone is 
inhomogeneous. Therefore, it was necessary to simulate the full geometry of the setup without 
exploiting any simplifications due to symmetry. The simulations of the high-speed blanking of the 
precut sheet metal specimens were performed with fully integrated solid elements (ELFORM 1) 
with edge lengths of 0.1x0.1x0.1 mm for test specimen and LS-DYNA R12.0.0. Fig. 2 shows the 
model consisting of a punch, a blank holder, a die, and a specimen. All parts of the model except 
the direct sample were specified as rigid bodies. The blankholder force was set to 80 kN and the 
friction coefficient was set to 0.15. The punch speed obtained from the experiment was specified 
as input information for the simulation using the *BOUNDARY_PRESCRIBED_MOTION file.  

The temperature distribution was calculated via the dissipated forming energy according to Eq. 
1 based on the temperature increase ∆ϑ, the specific heat capacity cϑ, the Taylor-Quinney factor κ 
[14], mass density ρ and the forming work performed ∆Wdis. The Taylor-Quinney factor is used to 
define the fraction of plastic stress power that is not converted into heat [15]. For the 
thermomechanical calculations performed in LS-DYNA κ = 0.9 was set. 

 

ρ
κ

ϑ
ϑ ⋅

⋅
=

c
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Fig. 2: Numerical model of the investigated HSIC process. a) Shear zone of the sheet metal 

specimen for the temperature calculation with fine mesh size. b) Punch with significantly larger 
mesh. 

Results and Discussion 
Fig. 3 summerizes results of the experimental determination of the punch velocity. The exemplary 
diagram shows three measured time-dependent displacement of the cutting punch as recorded by 
the laser displacement measurement system during tests at an energy level of 250 J together with 
the resulting mean value curve. The shape of the curve is representative for all measurements. The 
gradient of the curve in the region between Point 1 and Point 2 corresponds to the velocity during 
cutting. Subsequently, due to the impact, wave propagation occurs throughout the die and the 
punch consequently continues to move in a wave-like manner after the part is ejected, as 
documented by the curve after the straight initial line. For transfer to the numerical simulation, the 
gradient between Point 1 and 2 of the respective mean value curve was evaluated and transferred 
to the simulation as input variable for the punch velocity. The measured velocities for each energy 
level investigated here are shown in the table next to the curve (Fig. 3). The lowest energy reached 
a velocity of 6.15 m/s and the velocity increases with increasing energy as expected. At 1000 J the 
velocity was about 9.64 m/s. 

  
Fig. 3: Representative displacement-time measurements at an energy level of 250 J. The gradient 
of the curve between point 1 and 2 corresponds to the velocity and were used as input parameter 
for the numerical simulation. The measured velocities from 250 J to 1000 J are recorded in the 

table. 
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The HSIC tests at all four different energy levels led to complete separation of the parts in all 
cases (see Fig. 4). The optical microscopy images for the evaluation of the cut surface quality were 
all taken at maximum distance from the pre-cut area (Fig. 4, red marking). Regardless of the energy 
and the corresponding punch velocity, all specimens show excellent cut surfaces with very good 
quality. The parts have no burr and a rollover height of only 0.237‒0.325 mm. The burnish is 
between 1.19‒1.32 mm and the fracture surface between 1.41‒1.51 mm. Significant differences 
or tendencies cannot be recognized, proving that even the lowest cutting speed or impact energy 
provides sufficient energy to cut the relatively soft steel DC06 (approx. 93 HV1) and to provide 
very good cut surface quality (no burr, very straight, high percentage of burnish).  
 

 
Fig. 4: Cut parts optical images of the corresponding cut surfaces produced using energy levels 
from 250 J to 1000 J. The rollover height, burnish and fracture surface fractions were measured 

in mm. 
Fig. 5 shows the simulation results of the cutting process. Precisely, the temperature distribution 

in the circumferential shear zone at a penetration depth of the punch of 10 % of the sheet thickness 
is illustrated. The deformation and especially the temperature distribution shown here is highly 
inhomogeneous. In the area of the free surface where the temperature was measured in the 
experiment, the temperature maximum is 142 °C (see Fig. 5a). In the area of the longest distance 
to the measuring point, however, the temperature already reaches 242 °C (Fig. 5b). This can be 
explained by the free surface: Only on one side of this surface material can generate heat by 
deformation, while at the other side the material is cut away. In the experiment additional cooling 
effects due to convection can occur, but presumably these play a minor role and were therefore not 
considered in the simulation. Likewise, the slug is not moved homogeneously through the sheet, 
but is subject to bending stress. This proves that in order to simulate the process correctly, it is 
absolutely necessary to model the complete slug. Considering any symmetry in order to reduce 
calculation time will cause significant differences between experiment and simulation due to the 
inhomogeneous temperature distribution. 
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Fig. 5: Simulation of the pre-cut part at 9.64 m/s impact velocity with strongly inhomogeneous 

temperature distribution in the circumferential shear zone.  
Fig. 6 shows an example of the numerically determined temperature distribution in the 2D 

section as a function of the punch penetration depth in the shear zone in the area of the measuring 
field of the pyrometer (cf. Fig. 5a) for a cutting operation with 9.641 m/s impact velocity (1000 J). 
The penetration depth is specified in relation to the sheet thickness. The qualitative temperature 
profile in the cutting test is identical for all investigated velocities. However, the maxima differ 
significantly (see Fig. 7). The maximum temperatures occur close to the contact surfaces between 
punch/sheet and sheet/die. The heat then propagates into the center of the shear zone. Due to the 
high velocity, the temperature increases only very locally and hardly spreads into the base material, 
so that the process can be considered quasi-adiabatic. The strong localization of heat leads to 
localized material softening, which counteracts the hardening during forming and can cause the 
formation of adiabatic shear bands in the shear zone [6]. The geometric properties (rollover height, 
burnish, fracture) of the cut surface formed at 25 % penetration depth are comparable to those of 
the real cut surface shown in Fig. 4. This demonstrates that the implemented damage model works 
well, even if it is only a qualitative comparison. The maximum temperature reached in Fig. 6 (at a 
penetration depth of 25 %) of 322 °C is not the maximum in the cutting process. This was reached 
just before failure and is discussed in Fig. 7. 

  
Fig. 6: Numerically determined temperature distribution in the 2D section as a function of the 

punch penetration depth for an impact velocity of 9.64 m/s. 
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The averaged results (3 samples for each velocity) of the temperature measurement by 
pyrometer and the numerically determined maximum temperatures are summarized in Fig. 7. For 
all velocity ranges from about 6.15 m/s to 9.64 m/s experimentally and numerically determined 
temperatures are in good agreement with each other. The temperatures in the experiment were 
between approx. 225 °C and 345 °C. In the simulation, the temperatures ranged between approx. 
240 °C and 338 °C. Thus, the resulting standard deviation is 4.8% at 6.15 m/s, 5.4 % at 8.24 m/s, 
1.7 % at 8.98 m/s, and 2.0 % at 9.64 m/s. The experimental data show that the temperature 
increases almost linearly with increasing velocity and consequently increasing energy. 

 
Fig. 7: Comparison of experimentally and numerically determined maximum temperatures in the 
shear zone at HSIC with four different punch velocities. The results are in very good agreement. 
Summary and Conclusion 
In the present work, a comprehensive numerical model was validated against a real HSIC process. 
Since the temperature in the shear zone plays a dominant role at high process speeds, validation 
was realized for the first time using a temperature in the shear zone measured by a high-speed 
pyrometer during HSIC. Numerically and experimentally, the good cold-formable steel DC06 was 
used. Extensive preliminary work [11]and the experimental velocity measurement from HSIC 
served as input for the material and GISSMO damage model used. It was necessary to model the 
cutting process completely, due to the non-rotationally symmetrical geometry of the part. Such 
geometries cause inhomogeneous temperature distributions in the shear zone. The extensive 
simulation made it possible to match the numerically determined temperature with the measuring 
field of the pyrometer. The results of numerical and experimental temperature determination 
showed almost identical temperatures (in the range of 225 to 345 °C) at four different test 
velocities (6.15 to 9.64 m/s). So the experimentally and numerically determined temperatures are 
in good agreement (standard deviation between 1.7 % and 5.4 %). It can be concluded that the 
extensive numerical model used is very well suited to represent the HSIC for the DC06 steel. The 
consideration of the local temperature in the shear zone enables a significantly higher accuracy. 
Therefore, the present results will significantly improve the numerical process design of the HSIC 
in future work. 
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Abstract. The growing market for fiber-reinforced thermoplastics (FRTP) requires new flexible 
production processes for prototype and small series production, as conventional forming 
techniques involving molds are not cost efficient in these cases. Inspired by incremental sheet 
metal forming (ISF), an alternative manufacturing processes for the forming of FRTP with just 
two robot guided standard tools is outlined. To maintain a locally formed shape in the heated, 
flexible fabric, auxiliary wire mesh metal is used as it has similar deformation mechanisms, 
especially shearability, while being sufficiently self-supporting. Feasibility of the approach is 
discussed and investigated in basic experiments. 
Introduction & state of the art 
For lightweight applications such as in aviation, the automotive industry or sports equipment 
manufacturing, fiber-reinforced thermoplastics are of increasing interest. While carbon, glass or 
aramid fibers provide high strength, the embedding thermoplastic polymer matrix has low weight 
and, in contrast to thermosets, is reshapeable, weldable and recyclable [1–3]. Furthermore, 
thermoplastic composites show better impact resistance and fracture toughness while 
manufacturing cycle times and costs are lower in comparison to thermoset composites [4,5]. Pre-
impregnated and consolidated fiber-reinforced thermoplastic sheets, so called organo sheets, are 
commonly used as semi-finished product. Due to their high reinforcing effect and comparably 
good drapability, woven fiber fabrics are predominant [6]. After heating a sheet above melting 
temperature of the thermoplastic matrix, it is formable into the desired shape. This is usually 
achieved by placing the sheet between two heated metal molds in a process called thermoforming 
[7,8]. 

Due to the cost and effort of designing, producing and storing these molds, this standard process 
is not effectively suitable for prototype and small-batch production. Changes to the product 
geometry are difficult as existing molds need to be modified or new molds produced [9,10]. Rapid 
tooling approaches such as rapid machining [11], additive manufacturing [12] or incremental sheet 
forming [13] try to mitigate these effects, lowering the cost of mold production. However, time, 
effort and costs are either still too high, or mold quality too low for the processes to be successfully 
used for prototype mold production without restrictions, especially considering the comparably 
high pressure needed for FRTP forming and reconsolidation. 

Therefore, directly forming an organo sheet without usage of a part-specific mold has been of 
interest to researchers since the late eighties, when Strong and Hauwiller [14] used a modular press 
and Miller et al. [10] an array of individually controllable rollers to locally form variable cross-
sections into long endless fiber-reinforced organo sheets. Another approach to more flexibly form 
FRP is multi-point forming, where an array of individually adjustable pins constitutes a mold 
surface, which is covered by a smoothing diaphragm [15,16]. 
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Several authors investigated the application of single-point incremental forming (SPIF) on 
FRTP sheets. In SPIF, a simple forming tool such as a hemispherical punch is moved along a metal 
sheet surface by a CNC-machine or a robot. As the sheet is securely clamped on its edges, the tool 
introduces strains into the material and deforms it, thinning the sheet [17]. While incremental 
forming of thermoplastic sheets has been successfully demonstrated [18], direct SPIF of a short-
fiber-reinforced thermoplastic is more challenging [19,20]. Therefore, Conte et al. [20] and 
Ambrogio et al. [21] used SPIF to deform a heated short-FRTP sheet sandwiched between two 
metal sheets in order to provide stability to the FRTP. Al-Obaidi et al. [22] as well as Emami et al. 
[23] used a very similar setup to deform unidirectional endless-FRTP sheets. However, endless 
fibers prevent the effect of stretching underlying conventional SPIF due to their very limited 
elongation [24], so that fiber breakage can occur, especially when drawing in of the fibers is limited 
by clamping or high fiber-volume-content [22,23,25]. Therefore, Al-Obaidi et al. [26] and Hou et 
al. [25] deformed the heated metal sheets by classic SPIF while a woven fiber-reinforced organo 
sheet was not clamped but “floating” between the metal layers. As a consequence, draping of the 
textiles was not determinate and defects such as wrinkles occurred [23,25,26]. 

To conclude, a real die-less process for forming woven FRTP into complex, doubly-curved 
shapes while considering the actual material behavior and draping requirements would be 
desirable. Preliminary investigations on manufacturing options [27] and the development of a die-
less draping strategy [28] showed that feasible process concepts exist. In the following, we will 
briefly outline this forming strategy and present a new die-less forming concept for woven FRTP. 
After a practical investigation, overall feasibility and possible further advancements are discussed. 
Forming strategy 
Forming a flat woven textile into a three-dimensional shape is mainly achieved by bending and, if 
the shape is doubly-curved, shearing of the initially rectangular warp and weft yarns. This in-plane 
deformation is the main challenge for draping, as the amount of shear achievable in a fabric is 
limited and wrinkling can occur. Other draping mechanisms such as fiber displacement or textile 
stretching only play a minor role, and especially fiber elongation is negligible due to the high 
strength and stiffness of the fibers in axial direction [29,30]. Depending on the application and the 
geometry, different techniques are used for composite draping. Automated preforming processes 
allow pre-shearing of the fabric by globally applying tension in fiber or bias direction before 
placing it on the mold surface. Additionally, different tools such as rollers can be used [31,32]. In 
compression molding, single or segmented punches perform the final draping [8]. 

A die-less forming process necessarily involves local forming operations, in this case conducted 
by two standard tools such as hemispherical tool tips or small rollers, one on each side of the fabric 
and each individually guided by an industrial robot or similar kinematics. While the basic idea is 
comparable to Double-Sided Incremental Forming (DSIF), the organo sheet is clamped at a single 
point fixation only, to allow the fibers to be movable for the draping operations [27]. As any 
additional actuated gripper systems for the application of tension would add further complexity, 
we developed a draping strategy which mainly relies on the two tools deforming the fabric out-of-
plane relative to a single point fixation [28]. The location of this fixation point on the sheet as well 
as the initial fiber orientations are selected by minimizing the global amount of shear in a kinematic 
draping simulation of the final geometry. During forming, the tools follow the resulting fiber 
orientations as calculated by the simulation, originating from an already formed starting point and 
running towards the edge of the fabric. Thereby, as the fabric is locally bent, compressive in-plane 
stresses can be introduced into the area between already formed paths. These compressive stresses 
lead to in-plane deformation in the form of shear [28]. Therefore, the desired shear distribution is 
the main sequencing criterion in determining the order of forming. As shear is added while the 
curvature increases and it is hardly reversible, forming paths requiring least shear are formed first 
[28]. The length of the forming paths can be set according to two different principles, depicted in 
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Fig. 1a). Either, full paths are formed from a rigid starting point until the edge of the fabric, or the 
mesh of formed warp and weft yarns is grown for a certain amount of cells at a time in each 
direction with respect to the fixation [28]. Whether the former path forming or the latter layering 
strategy is more appropriate, depends on the individual application as outlined in the following. 
Manufacturing process concept 
Before any forming operation, the thermoplastic matrix of an organo sheet needs to be heated 
above melting temperature for example by hot air, infrared or contact heating in order to regain 
drapability of the included fabric. However, already formed paths or areas need to maintain their 
new shape. As a heated FRTP is not self-supporting, the paths must either be instantly cooled 
during forming, and kept cool for the remainder of the process [27], or an auxiliary material must 
be used to support the flexible fabric. For best realization of the fabric draping, this auxiliary 
material should have similar deformation mechanisms but at the same time must be self-supporting 
at the required temperature. While metal sheets are therefore not ideal, metal wire mesh could be 
eligible. With the same mechanisms of bending and shearing of the woven warp and weft wires, 
simultaneously deforming a heated woven organo sheet and a metal wire mesh can in theory be 
realized by the same forming strategy outlined above. 

Since the wires are significantly better at transmitting compressive stresses, the shearing of the 
reinforcing fabric can thus be promoted. In order for the two materials to deform together, or rather 
for the deformation of the wire mesh to be instantly transferred to the organo sheet, some kind of 
bond is required between the two. At the same time, imprints of the wire mesh into the molten 
matrix must be prevented. 

When bending the wires, as conceptually shown in Fig. 1b), they must be deformed beyond the 
yield strength, as only the plastic component of the deformation is retained. The elasticity of the 
intersecting wires will further increase the amount of deflection necessary to achieve a permanent 
deformation of a forming path. These effects have to be considered when generating the tool paths 
and either the path forming strategy or the layering strategy might be more successful in 
simultaneously and permanently forming an organo sheet and a wire mesh into a desired geometry. 

 
Fig. 1 a) Forming Sequences for a hemisphere according to path forming and layering 

strategies, b) schematic sketch of die-less forming of a wire mesh with two forming tools during 
and after a forming step 

Practical investigation 
After initial tests of the deformation behavior of wire meshes with different wire diameters and 
mesh sizes, a plain weave of stainless steel 1.4301 wires with a diameter of 0.56 mm and a mesh 
size of 3.15 mm was chosen for further experiments. 

Forming SequenceFixation

Path Forming Strategy Layering Strategy
Forming ToolFixation

a) b)

Supporting Tool
Mesh after
elastic recoveryMesh during

forming step
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Setup 1. First, only the mesh with a size of 200 x 200 mm was centrally fixed to a pole and 
incrementally deformed into a hemispherical frustum of ca. 120 mm diameter and 40 mm depth 
with two handheld ISF-tools with hemispherical tool tips of 20 mm diameter, shown in Fig. 2. The 
wires were bent by the tools according to the path forming strategy, as described above. 
Afterwards, in order to find the most suitable forming strategy, a second mesh was deformed into 
the same shape, but following the layering strategy, growing the formed area in each direction by 
about 5 cells in each step. 

Fig. 2 a) Undeformed wire mesh centrally fixated, b) forming tool 
Results. As depicted in Fig. 3, both strategies were able to introduce sufficient shear into the 

mesh in order to form a hemisphere. However, using the layering strategy not only produced a 
smoother and more precise hemispherical shape, but also proved simpler in use. As assumed 
above, especially towards the beginning of the process, forming a full path requires higher forming 
forces since the intersecting wires must be strongly deformed as well. Furthermore, the high 
degrees of forming in one pass in combination with a more asymmetric forming can lead to 
undesired deformation/distortion in the rest of the mesh. 

 
Fig. 3 a) Forming sequence and result following the path forming strategy, b) forming sequence 

and result following the layering strategy 
Setup 2. To investigate basic feasibility of simultaneous organo sheet and wire mesh forming, 

a 250 x 250 x 0.6 mm two-layered twill weave carbon fiber organo sheet (INEOS Styrolution, 
Germany) with styrene-acrylonitrile matrix, an areal weight of 245 g/m² and 45 % fiber volume 
content was placed on a wire mesh of 270 x 270 mm. To prevent permanent adhesion of the organo 
sheet to the wire mesh, silicone release film was placed between them. The stack was centrally 
clamped between two poles and two infrared heaters heated the layup as shown in Fig. 4. After the 

a)

b)

a) b)
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matrix reached a temperature of approximately 190 °C, the heating was disabled and the sheet 
remained formable for ca. 10 s. During this time, following the layering strategy, as many paths 
as possible were formed using the same handheld tools as above. Afterwards, the process was 
repeated, until the whole sheet was deformed into a hemispherical frustum of ca. 120 mm diameter 
and 40 mm depth. Finally, the organo sheet was separated from the wire mesh and the release film. 

 
Fig. 4 a) Stack of wire mesh, release film and organo sheet, b) setup of centrally clamped stack 

and infrared heaters 
Results. During performing an individual bending operation, the desired geometry was well 

producible through die-less forming and the organo sheet kept its shape as it rapidly cooled down. 
However, due to the missing bond between wire mesh and organo sheet, they detached from each 
other and their resulting geometries did not accurately match. Thus, as the sheet was heated again 
and another area was formed, a certain reverse deformation occurred so that some paths had to be 
repeatedly formed. Using only one of the infrared heaters was able to limit this problem by keeping 
half of the organo sheet cold and rigid. As shown in Fig. 5, the final geometries of the mesh and 
the organo sheet generally correspond to the targeted hemispherical frustum, while not exactly 
matching each other. Wrinkles occurred in the FRTP especially towards the edge of the frustum 
due to inhomogeneous heating and missing contact to the wire mesh. Due to the increased time at 
elevated temperatures, the silicone release film partially melted and permanently stuck to the inner 
organo sheet surface. 

 
Fig. 5 Final geometries of a) wire mesh and b) organo sheet after simultaneous die-less forming 
Discussion  
In spite of the studies being of elementary nature and tools were only hand-guided, the basic 
experiments proved general feasibility of using metal wire mesh as an auxiliary material for die-

a) b)
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less forming of organo sheets. As discussed in the theoretical considerations, the experiments 
showed that realizing a temporary bond between wire mesh and FRTP is one of the keys to 
successful forming. Instead of a simple release film, an elastic and durable sheet placed between 
the mesh and the FRTP could aid in maintaining a smooth organo sheet surface and realizing a 
bond between the two materials for example through later soluble adhesive. Alternatively, a 
flexible and stretchable vacuum bag enclosing wire mesh, smoothing sheet and organo sheet could 
ensure sufficient contact pressure between the materials and simultaneously aid in reconsolidation. 

In order to reduce cycle times and thermal stresses through multiple localized reheating, 
keeping the whole organo sheet at forming temperature during the entire process would be 
desirable. Thus, the possibility of using the metal wires as resistance heaters for melting the FRTP 
matrix can be an advantage and should be investigated. For uniform heating and electrical 
isolation, an organo sheet protected by a smoothing sheet on either side, sandwiched between two 
wire meshes and finally enclosed in a vacuum bag might be the setup of choice. 

The deformation characteristics of this entire layer structure must not only be investigated 
experimentally, but also mapped in a simulation. For only an accurate prediction of the elasto-
plastic behavior will enable a universal and automated process chain for the generation of the 
appropriate forming paths to produce the desired shapes with sufficient accuracy. 
Summary & outlook 
As current FRTP forming processes involving molds are not cost efficient for prototype and small 
batch production, different options for die-less forming are currently under investigation. One of 
these options is forming a heated woven organo sheet together with a metal wire mesh as a 
supporting structure for the flexible fabric. Due to the similar deformation mechanisms, namely 
shear and bending, the stack of FRTP and wire mesh can be formed by two individually robot-
guided standard tools following a specially developed draping strategy. Two variants of this 
strategy were tested in simple elementary experiments, proving general feasibility of this approach. 
In the future, the best option for creating a temporary bond between organo sheet and wire mesh 
needs to be identified and heating the thermoplastic matrix through wire resistance heating should 
be investigated. To gain valuable insight into the deformation behavior, material properties of the 
layup should be determined in standard tests. For further experiments concerning the forming 
strategy and rendering reproducible results, an automated manufacturing cell is to be set up. 
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Abstract. Incremental sheet forming (ISF) has a high potential to produce individualized products 
and prototypes or small series from sheet metal. The universal forming tool, as well as the digital 
process control, in principle, allow a fast realization from design to a finished component. 
However, a high level of testing and planning is often required to achieve the necessary geometric 
accuracy. A large number of scientific studies on process parameters and process variants have led 
to significant progress in the specific studied cases. Nevertheless, this progress can often not be 
transferred to arbitrary component geometries. Despite the many valuable detailed scientific 
findings, there is a lack of a holistic overview. The translation of case specific findings to a broad 
range of real application components is missing. Due to the large number and complexity of 
process parameters as well as a wide variety of possible component geometries, a systematic 
collection of knowledge and experience is required. Therefore, this paper describes the 
development of a web-based database for process data of incremental sheet forming. This database 
should first of all allow component data and associated process data to be recorded, completely 
and reproducibly. By sharing the database with a large number of research teams and end users, 
an intensive exchange of experience can take place systematically and new knowledge can be 
generated collaboratively.  
Introduction 
A high dynamic market with a trend towards mass-customization and short time to market for new 
products, requires agile production technologies. In this regard, incremental sheet forming (ISF) 
has a high potential for sheet metal components. Due to the flexibility of a universal forming tool 
and the determination of a component geometry by numerical controlled movements of the tool, 
this process can in principle react very quickly to new or changed component geometries in small 
batch sizes [1]. In order to enable rapid realization from design to finished component for small 
quantities and prototypes, the planning and preparation processes in particular must also be carried 
out very quickly and with accurate parts as a result.  

Allwood et al. [2] analysed specifications in terms of geometrical accuracy for many different 
sheet metal products. This shows that tolerances of less than ± 0.5 mm are required in most 
applications. Despite great research efforts, geometric tolerances required by industry have, so far, 
only been achieved with ISF in individual cases or specific applications [3]. The geometric 
deviations and the cumbersome planning and testing effort required to compensate for them, are 
one reason for the low prevalence of ISF in the industrial environment. Another reason are the 
stringent process limits, resulting in failure of the component outside a specific forming range. 
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Many studies have been carried out over the last decades to increase geometric accuracy and 
process limits, such as investigating the influence of different process parameters, as well as 
optimizing tool paths to compensate for unwanted geometric deviations and applying a multi-stage 
approach [1,4]. This also led to the development of new process variants [3]. However, many of 
these investigations are limited to very simple component geometries or to very specific cases. 
Considering that the geometry has a significant influence on the process, as has been shown by 
Ambrogio et al. [5], a transfer of findings between different component geometries is only possible 
to a very limited extent.  

The advantage of the flexibility of ISF is unfortunately challenged by its complexity. The 
process has a large number of degrees of freedom in process control and a very broad spectrum of 
theoretically possible component geometries. Measured against this, the process understanding 
and empirical knowledge that has been built up so far is insufficient to enable rapid process 
planning and thus broad industrial application. Therefore, the aim of the research work described 
here is to systematically gather knowledge and experience about the process, especially with 
regard to the large number of possible component geometries. 
Platform for Knowledge Sharing 
Documenting experience requires systematic and extensive gathering of data about components, 
corresponding processes and process results. Experiments and processes must be recorded in a 
structured way so that they are reproducible by other researchers or users. The shared experience 
documents which components can be manufactured and which process parameters are required. 
However, great value is also attributed to the failed process strategies, as they enable important 
knowledge to be gained. In this regard, it is also possible to document which components cannot 
be manufactured up to now and, ideally, why this is the case. 

The documentation of process experience can be a benefit for each research team, but should 
not be limited to that. In order to generate a real impact, the data of as many research groups and 
end users as possible should be collected and shared. For this purpose, a web-based database has 
been implemented to allow users to document their own component and process data, to analyse 
the data from other users and compare different experiments in an easy and structured way. An 
additionally linked forum is intended to enable direct discussion on this data. This facilitates a 
direct exchange of knowledge and experience across different researchers and end users. As an 
addition to scientific publications, this form of dissemination enables an exchange on specific and 
detailed data that can also be directly referenced in discussions. It is a work and collaboration tool 
closing the gap between different research teams and PhD research generations. 

The presented database can also be used to systematically document and moderate benchmark 
studies. Such benchmarks can trigger a collective learning process and further advance knowledge. 
Another motivation behind a platform for data collection is the prevailing evolution of data-driven 
methods. For example, a wide and detailed collection of process data and annotated metadata can 
enable machine learning to extract process boundaries for a broad range of geometry/material 
combinations. In the long term, the shared ISF data on the platform shall be used to generate new 
insights into the causes of geometric deviations and potential compensation measures. 
Web-based Interface and Database for ISF Process Data 
The collaborative database motivated in the previous paragraph was realized with a web-based 
interface. This enables the desired worldwide access of many different researchers and users. 
Moreover, it allows for the structured and visually responsive processing of the data to be 
documented. A major difficulty in the process optimisation of ISF is the complexity of the input 
and output variables of the process. The component geometry, tool path, and resulting accuracy 
are complex three-dimensional data that cannot be simplified to individual parameters without 
severe loss of information. This problem does not only apply to process optimisation, but also 
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causes difficulties in the pure documentation of the processes. Other complex parameters are the 
(partial) supporting dies and the occurrence of intermediate geometry data in multi-stage processes 
and possible preliminary process steps. They all have to be documented as 3D data. 

A well-designed user interface enables an efficient workflow for the documentation of the 
process data, is not prone to errors and still ensures a high information content. In order to reach 
this, the web-based platform was realized using Django, which is an open source framework 
written in Python that can be used to design web applications. MySQL is used as the database 
management system for the storage of the ISF process data. Within the framework, an ISF 
project/process is represented using a model. Fields are assigned to this model, which represent 
the variables to be stored.  

In addition to a large number of quantifiable process parameters, CAD data of the component, 
tool paths and 3D scanned surfaces can also be uploaded as STL or STP files via the web interface. 
The uploaded data are visualized directly to the user and can thus be reviewed and analysed. An 
exemplary visualization of 3D data sets on the platform is shown in Fig. 1. In this figure, both the 
tool path (red), various scanned geometries after the forming process, and the actual target 
geometry can be seen. 

 
Figure 1. Screenshot of the visualization of 3D data in the user interface of the platform (left), 

side view to show different geometries (right) 
In addition to the systematic documentation of ISF processes, the database also offers the 

possibility to search in the already stored component and process data. Search fields and filters can 
be used to find specific process plans that match a current problem. The database thus already 
offers the possibility of systematically documenting and exchanging process data. In order to be 
able to conduct this exchange in the sense of specific discussions, a forum has also been integrated. 
This way, the relevant process data can be referenced directly in technical discussions. 
Structure of Process Data Acquisition 
For the systematic acquisition of component and process data, it is necessary to have all parameters 
consolidated and clearly defined. The overall goal is to get assessable, searchable and comparable 
data that describe the components and processes accurately and completely, in such a way that the 
process can be reproduced easily. In order to achieve a clear description with a high depth of 
information, 3D data and process parameters are therefore recorded in their entirety. Furthermore, 
to enable searching and comparing the data, fuzzy criteria (e.g. geometry category) are also 
recorded. The processes considered in the database are limited to conventional SPIF, TPIF and 
multi-stage SPIF, with an additional specification of preform operations. Fig. 2 shows the structure 
of the data acquisition in the web interface, where the data are split up into six main parameter 
categories.  
 

Geometries ▼

3D-View

◄ Back DeleteEdit
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Figure 2. Work flow of the data acquisition for the ISF process database 

In the first step (Product), the information about the sheet metal component is recorded, since 
the product specification is the basis for everything else and usually cannot be changed. In the 
second step (Process), the basic process configuration is queried, i.e. process variant, machine, etc. 
This information is used to adapt all further queries to the specific case. In the third step (Process 
Geometry), the geometries that define the process are recorded, i.e. component geometry, 
clamping, pre-geometry, etc. This was deliberately decoupled from the product description, since 
process-specific adaptation occurs here. In the fourth step (Tool and Parameters), the variable 
process parameters are described, which can be easily adapted in terms of process optimisation. In 
the fifth step (Post Processing), the possible processes after ISF operations are queried, such as 
heat treatment and trimming. In the last step (Process Result), result data (e.g. resulting geometry 
and surface quality) are recorded.  

The next paragraph gives a more elaborate description of these categories and the data they 
contain. The type of bullet point reflects the type of query: boxes for multiple selections, circles 
for single selections and dots for other input fields. 

 
 

 
Figure 3. Product data query with related parameters 

In a first step, the information about the desired sheet metal component is recorded (see Fig. 3). 
For each ISF process, basic information about the component to be manufactured must be queried, 
such as the 3D geometry and its bounding box dimensions. In addition, a fuzzy description of the 
geometry (curvature, shape, symmetry, features, etc.) helps to search and compare the different 
part geometries. Some parameters are also important to interpret process results. In particular, the 
data of limiting geometrical influences (e.g. wall angles), sheet material, as well as the input sheet 
thickness are relevant process information. Jeswiet et al. [6] demonstrated the influence of the wall 
angles on the final thickness distributions after forming and approximated this relation with the 
sine law. In addition, Ambrogio et al. [7] showed that sheet thinning is significantly influenced by 
the wall angle of the geometry to be formed and the material used. Li et al. [8] explained that the 
sheet thickness has a significant effect on the overall geometrical accuracy.  

 

Product Process Process 
Geometry

Tool and 
Parameters

Post 
Processing

Process 
Result

3D Part 
Geometry

Geometry 
Size

Geometry Category Geometry 
Features

Limiting 
Geometry 
Parameters

Material Initial 
Sheet 
Thickness 
(before ISF)

Global 
Curvature

Global 
Shape

Symmetry

• [.stl/.stp] • Length 
[mm]

• Width [mm]
• Surface 

Area [mm2]

 Flat
 Uniaxially

Curved
 Biaxially

Curved
 Uniaxially

Curved with 
Curvature 
Change

 Freeform

 Round
 Rectangular
 Squared
 Oval

 Asymmetry
 Rotational 

Symmetry

 Corner
 Cavity
 Fold
 Flange
 Undercut

• Maximum 
Wall Angle 
[°]

• Tightest 
Radius 
[mm]

• Deepest 
Cavity 
[mm]

• Alloy

• Yield Point 
Rp0,2 
[MPa]

• Young‘s 
Modulus 
[GPa]

• [mm]

Product



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 45-52  https://doi.org/10.21741/9781644902417-6 

 

 
49 

 
Figure 4. Process data query with related parameters 

In the second step, the basic process configuration is queried, i.e. process variant, machine, etc. 
(see Fig. 4). This information is used to adapt all further queries to the specific case. Information 
about the type of process and the equipment used is documented. For example, Taleb Araghi et al. 
[9] were able to show that not only classical ISF process parameters have a significant influence 
on the process, but also preceding process steps. The combination with a preceding stretch-forming 
process also reduced the geometric deviations strongly. Liu et al. [10] showed the dependence of 
the results after forming on the selected process strategy, where multi-stage strategies proved to 
increase the formability and thickness distributions compared to single stage forming. In the 
platform, multi-stage strategies can be uploaded as a chain of individual processes that reference 
each other. This allows each individual process step to be analysed separately and as process chain. 
 

 
Figure 5. Process Geometry data query with related parameters 

In the third step, the geometries that define the process are recorded, i.e. component geometry, 
clamping, pre-geometry, etc. (see Fig. 5). The choice of process type and preform fabrication 
results in additional process parameters. If a preform is used, the CAD file of the preform as well 
as information about the sheet thickness distribution as a txt file can be uploaded. If a modified 
part geometry is used for process planning, such as for overbending strategies, this modified 
geometry can also be uploaded. Additionally, the geometry and position of clamping tools can be 
defined. 
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Figure 6. Tool and Parameters data query with related parameters 

In the fourth step (Tool and Parameters), the variable process parameters are described, which 
can be easily adapted in terms of process optimisation (see Fig. 6). Detailed information about the 
forming tool as well as about the planned tool path is summarized. The increased focus of the 
current research on adaptations or optimisation of the used tool path confirms its significant 
influence on the process result, so that a detailed query of the tool path is reasonable. For example, 
Skjoedt et al. [11] showed the influence of the forming direction of the toolpath, where upwards 
and downwards forming have a significant influence on the geometric accuracy in a multi-stage 
approach. However, according to the literature, information about the forming temperature and 
speed also are essential. Al-Obaidi et al. [12] showed in induction heating assisted ISF that the 
temperature distribution in the sheet during forming has an important role in improving geometric 
accuracy.  
 

 
Figure 7. Post Processing data query with related parameters 

In the fifth step, extra processing operations after forming with ISF are queried, such as heat 
treatment and trimming (see Fig. 7). After the actual forming process, many components require 
post-treatment to finalize the component. Trimming processes are mainly used here, as well as 
heat treatment, which can be used, for example, to reduce residual elastic stresses. Due to their 
influence on the residual stresses remaining in the material, both processes also have an influence 
on the process result and are therefore queried under the table "Post Processing". 
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Figure 8. Process Result data query with related parameters 

In the last step, result data such as measured geometry and surface quality are recorded 
(see Fig. 8). Up to this point, process parameters were queried from which, according to the 
literature, there is a possible influence on the process result. As already mentioned at the outset, 
quantitative and qualitative process results must be queried in a next step in order to be able to find 
relationships with the data uploaded so far. For this purpose, information such as the basic 
manufacturability is queried in the "Process Result" table, since ISF processes that have not been 
carried out successfully also represent an important element for further process understanding. In 
addition, process images, a qualitative description of the process performed and the experiment 
duration can be uploaded. For a detailed analysis of the results, scanned component data can be 
uploaded as well as descriptions and images of the resulting surface quality.  
So far, the focus has been on uploading experimental data, an extension to numerical models and 
simulation results is intended in the near future. 
Summary 
ISF has a high potential for prototyping and small batch production. Nevertheless, the process is 
complex and compared to the large variety of possible component geometries there is a lack of 
process knowledge and experience. In order to be able to successfully and economically apply ISF 
in industry, it is necessary to ensure fast and successful process planning, since the planning and 
testing costs can only be allocated to a small number of components. In particular, avoiding 
undesired geometric deviations leads to considerable effort in process planning for complex 
application components and often also to a large number of trial and error tests. 

The paper presented an approach and an implementation platform to systematically collect and 
analyse data of ISF processes. The realization as a database with a web-based user interface enables 
the exchange of ISF researchers and users around the world. This allows for an intensive exchange 
of knowledge and experience about components and ISF processes based on specific and precise 
data. The intensive exchange between the authors about the selection and definition of the process 
parameters has already led to a close exchange between two research teams. From the collected 
data and the intensive discussions of these data, important findings about the ISF process can be 
generated and verified in the future. This will enable collaborative learning and systematic 
progress for the ISF process and its planning procedures. 
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Abstract. This paper describes a study of thinning and forming force in multi-stage single point 
incremental forming. Four process parameters namely pitch, tool diameter, blank thickness and 
initial draw angle are considered to study their influence on maximum thinning and peak forming 
force. Experiments are designed using face-centered composite design (CCD). Experimental 
results are analyzed using analysis of variance (ANOVA). It is found that initial draw angle is the 
most influencing parameter for maximum thinning, while peak forming force is most influenced 
by blank thickness. Maximum thinning decreases with decrease in initial draw angle and increase 
in blank thickness.  Peak forming force decreases with decrease in blank thickness. Moreover, 
predictive models are developed for maximum thinning and peak forming force. Also, 
optimization of parameters is carried out to minimize thinning and forming force. The 
confirmation tests are performed to validate predictive model and optimization results. 
Introduction 
Multi-stage single point incremental forming (MSPIF) is one of the efficient ways to resolve the 
limitations like steeper wall angle and un-uniform thickness distribution over SPIF. In MSPIF, 
deformation zone is expanded to larger areas therefore higher formability and uniform thickness 
distribution is observed. To achieve a more uniform thickness distribution and more formability, 
a MSPIF with accurate tool path is important [1]. Nowadays, MSPIF process is used in industries 
to overcome the limitations of SPIF process. Some researchers have investigated the applications 
like composite spherical pressure vessel mold, Carnio facial implants [2], bottom surface of the 
wing in ground (WIG) ship [3] etc. Consequently, MSPIF also has some limitations like high 
surface roughness, forming time, thinning, power consumption etc. [4].  

Researchers have worked on thickness distribution and forming force in MSPIF process. Nirala 
and Agrawal [5] developed a thinning determination model and verified it with finite element 
analysis (FEA) and experimental results. Gheysarian et al. [6] investigated the influence of 
parameters on maximum thinning and found that diameter of tool has most significant effect on 
maximum thinning. An et al. [7] investigated the effect of process parameters on MSPIF process 
using 4 stage and concluded that reduction in pitch, tool diameter and feed rate results in better 
thickness distribution. Few researchers have studied the forming force acting in MSPIF. Ghafoor 
et al. [8] investigated the effect of different toolpath strategies on forming force and they reported 
that varying wall angle constant depth toolpath requires minimum forming force. Gandla et al. [9] 
studied the effect of number of passes on forming force acting in MSPIF and they reported that 
resultant forming force decreases with increase in number of passes. Aerens et al. [10] 
experimentally studied the influence of blank thickness, tool size, wall angle, and pitch on X, Y 
and Z components of forming forces and they also generated the predictive model for PFF. 

Researchers [11, 12] have observed excessive thinning in parts made by MSPIF process. Few 
researchers studied forming forces in SPIF process to determine power consumption and tool life 
of the process, but limited literature [13, 14] is available on studying the forming force in MSPIF 
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process. Further efforts should be made to investigate influence of process parameters on sheet 
thinning and forming force in MSPIF. Present study aims to study the influence of process 
parameters on maximum thinning and peak forming force acting in MSPIF process, to develop 
prediction models for the responses, and to optimize the sets of process parameters for minimum 
thinning and peak forming fore.  
Experimental plan 
Sheet of aluminum alloy 1050 is taken for the present study. High speed, high chromium steel of 
grade M2 material is used to fabricate the tool. EP-90 hydraulic oil is used as a lubricant to 
minimize friction and wear. The varying wall angle - constant depth multi-stage tool path 
technique is employed to produces good thickness distribution as compared to other strategies. In 
all test runs 110×110×35 mm square pyramid is formed using 4 stage tool path strategy. The 
starting draw angle is used as one of process parameters, and the wall angle is changed by 50 
degrees at each stage. As illustrated in Fig. 1, with a middle level of initial draw angle, 400, 450, 
500, and 550 degree wall angles are formed in first to fourth stages respectively. Toolpath for the 
operation are extracted using CATIA and MATLAB software [4].  

 
Fig. 1. (a) Truncated pyramid with varying wall angle (b) holding fixture 

For the present study, four process parameters are considered namely pitch, tool diameter, blank 
thickness, and initial draw angle. Each parameter has three levels as given in Tab. 1. All process 
parameters and their levels are selected as per available setup, literature review, and trial 
experiments. The experiments are performed according to centered composite design i.e. CCD of 
response surface methodology (RSM). Overall 30 experiments (24 non-center + 6 center point) 
are designed.  

Table 1. Parameters and their levels 

Process parameters Levels 
-1 0 +1 

Pitch [mm] 0.25 0.50 0.75 
Tool diameter [mm] 8 10 12 
Blank thickness [mm] 0.70 0.95 1.20 
Initial draw angle [0] 35 40 45 

Siemens controlled 3 axis milling machine (M/s Batliboi, India) is used to perform all the 
experiments. The holding fixture is designed and assembled on the machine bed as shown in Fig. 
1(b). Maximum thinning (%) is computed using Eq. 1,  

 
Maximum thinning (%) = 1 − 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡i
 × 100.               (1) 

 
Where, 𝑡𝑡i = Initial blank thickness, 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 = Minimum observed thickness. 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 is measured 

using digital micrometer (make MITUTOYO, Japan) whose accuracy is 0.001mm and 
repeatability of 95%. To measure thickness at corner of part, the parts are cut into two halves. Peak 
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forming force (PFF) readings are taken from milling tool dynamometer (M/s Syscon Instruments, 
India). Dynamometer readings are converted to Newton (N) by multiplying 9.806 to the ‘Kgf’ 
reading. 
Results and discussion 
Total test runs and the respective values of responses are given in Tab. 2. The maximum thinning 
is ranging from 50.30% to 71.00%, whereas, PFF ranges from 567.76N to 2441.24N. Significant 
process parameters for the responses are determined by performing analysis of variance (ANOVA) 
on experimental data. Selected confidence interval is 95% therefore terms having p-value is less 
than 0.05 are considered as significant terms. 

Table 2. Test run design and response values 
S.N. Pitch Tool 

dia. 
Blank 

thickness 
Initial 
draw 
angle  

Max. 
thinning  

PPF S.R. Pitch Tool 
dia. 

Blank 
thickness 

Initial 
draw 
angle 

Max. 
thinning 

PPF 

1 0.75 8 0.70 45 71.00 724.70 16 0.75 8 0.70 35 55.80 636.42 
2 0.25 8 1.20 45 65.70 1862.52 17 0.50 10 1.20 40 60.20 1999.85 
3 0.75 8 1.20 35 52.70 1911.57 18 0.50 10 0.95 40 62.80 1323.04 
4 0.50 10 0.95 40 68.20 1323.04 19 0.25 10 0.95 40 63.80 1234.76 
5 0.25 8 0.70 35 55.20 567.76 20 0.50 10 0.95 40 62.80 1323.04 
6 0.50 10 0.95 40 62.80 1323.14 21 0.75 12 0.70 35 54.70 812.98 
7 0.50 10 0.95 40 62.80 1323.04 22 0.75 12 0.70 45 68.90 840.32 
8 0.25 12 1.20 45 66.00 2078.32 23 0.25 8 1.20 35 50.30 1656.54 
9 0.50 12 0.95 40 62.20 1479.98 24 0.75 8 1.20 45 65.40 2097.94 

10 0.25 12 1.20 35 51.00 1941.12 25 0.75 10 0.95 40 61.40 1460.36 
11 0.25 8 0.70 45 70.50 620.11 26 0.50 10 0.95 40 62.80 1323.04 
12 0.50 10 0.95 35 57.90 1260.65 27 0.50 10 0.95 40 62.80 1323.04 
13 0.25 12 0.70 45 68.50 790.61 28 0.50 10 0.70 40 62.90 744.32 
14 0.75 12 1.20 45 64.60 2441.24 29 0.25 12 0.70 35 59.20 685.47 
15 0.50 8 0.95 40 62.20 1264.19 30 0.75 12 1.20 35 52.70 2264.69 

The ANOVA for maximum thinning is given in Tab. 3. The R2 value for the model is 0.9551, 
adjusted R2 and predicted R2 values are 0.9131, 0.8250 respectively, these values are close to 1. 
The p-value of lack of fit is 0.8662 which is greater than 0.05 hence the lack of fit is not significant. 
The model is significant which is satisfying the basic requirements of the ANOVA model. The 
adequacy of the model is 16.842 which is greater than 4 hence the model is selected to examine 
the design space. From the ANOVA, blank thickness and initial draw angle are found significant 
because the p-value of these terms is less than 0.05. Moreover, no interaction term is found 
significant. 

Main effect of significant process parameter is shown in Fig. 2. It is noted that maximum 
thinning of MSPIF parts decreases with increase in blank thickness (Fig. 2a). It is due to increase 
in stiffness of blank with increase in blank thickness. Similar results for SPIF was reported by 
Oleksik et al. [12]. Initial draw angle is also significant process parameter. As initial draw angle 
increases, maximum thinning also increases as shown in Fig. 2b. This is due to increase in initial 
draw angle, stretching in upcoming stages increases which increases the maximum thinning.  

The ANOVA for PFF is given in Tab. 4. R2, adjusted R2, and predicted R2 values of the models 
are 0.9989, 0.9980, and 0.9924. adjusted R2, and predicted R2 is in reasonable agreement with each 
other because the difference is less than 0.2. Adequate precision is 108.028 implies acceptable 
model. Overall p-value of the model is less than 0.05 means model is significant. Similarly, all 
process parameters and interaction effect of pitch-blank thickness (AC), tool diameter-blank 
thickness (BC), and blank thickness-initial draw angle (CD) are found significant since their p-
value is less than 0.05. 
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Table 3. ANOVA for maximum thinning 

Source Sum of 
Squares DoF Mean 

Square F-value p-value Remark  

Model 887.9 14 63.42 22.78 < 0.0001 significant 
A-Pitch 0.5 1 0.5 0.1796 0.6777  
B-Tool diameter 0.0556 1 0.0556 0.02 0.8895  
C-Blank thickness 80.64 1 80.64 28.97 < 0.0001 significant 
D-Initial draw angle 756.09 1 756.09 271.57 < 0.0001 significant 
AB 3.06 1 3.06 1.1 0.3109  
AC 1.82 1 1.82 0.6546 0.4311  
AD 0.0625 1 0.0625 0.0224 0.8829  
BC 0.1225 1 0.1225 0.044 0.8367  
BD 4.2 1 4.2 1.51 0.2382  
CD 0.0625 1 0.0625 0.0224 0.8829  
Residual 41.76 15 2.78    

Total 929.66 29     

 
Fig. 2. Main effect plot for maximum thinning 

The main effect graph for PFF is depicted in Fig. 3. From Fig. 3 (a) it is observed that PFF 
slightly increases with increase in pitch value. This is due to the fact that a large pitch deforms 
more material and consumes a larger amount of deforming energy. Similar results are reported for 
by Liu et al. [13] and Sisodia et al. [14] for SPIF process. As tool diameter increases, PFF increases 
marginally as shown in Fig 3 (b). The increasing trend is observed due to increase contact area 
between sheet and tool tip, hence more material is pushed and more force is required. Aerense et 
al. [10]; Kumar and Gulati [15] observed the same trend. It is observed that increase in blank 
thickness, PFF increases substantially as seen in Fig. 3 (c). The upward trend is observed because 
as blank thickness increases, stiffness of the blank increases and requires more energy to deform 
and hence PFF increases. It is also noted that PFF slightly increases with increase in initial draw 
angle (Fig. 3 (d)).  
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Table 4. ANOVA for peak forming force 

Source Sum of 
Squares 

DoF Mean 
Square 

F-value p-value Remarks 

Model 8.33E+06 14 5.95E+05 1013.35 < 0.0001 significant 
A-Pitch 1.71E+05 1 1.71E+05 290.81 < 0.0001 significant 

B-Tool diameter 2.21E+05 1 2.21E+05 375.87 < 0.0001 significant 
C-Blank thickness 7.78E+06 1 7.78E+06 13246.01 < 0.0001 significant 

D-Initial draw angle 58579.49 1 58579.49 99.78 < 0.0001 significant 
AB 2500.2 1 2500.2 4.26 0.0568 

 

AC 42689.76 1 42689.76 72.72 < 0.0001 significant 
AD 30.61 1 30.61 0.0521 0.8225 

 

BC 23748.35 1 23748.35 40.45 < 0.0001 significant 
BD 470.33 1 470.33 0.8011 0.3849 

 

CD 11717.85 1 11717.85 19.96 0.0005 significant 
Residual 8806.08 15 587.07 

   

Total 8.34E+06 29 
    

 
Fig. 3. Main effect plot for PFF 

From ANOVA, three interactions are also found significant for PFF. The interactive effect of 
process parameters is studied through 3-D response surface graph while other process parameters 
are kept at middle level. The combined surface plot for pitch and blank thickness is depicted in 
Fig. 4 (a). The PFF rapidly increases with increase in both pitch and blank thickness. At 0.75mm 
pitch and 1.2mm blank thickness, maximum PFF value is observed. The contour lines of the 
response are parallel to each other and also parallel to the axis of pitch which reveals that blank 
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thickness has major influence than pitch. The response plot for interaction of tool diameter and 
blank thickness is shown in Fig. 4 (b). It is observed that combined increase in blank thickness and 
tool diameter, increases the PFF. Blank thickness has major effect than tool diameter. At 0.95mm 
blank thickness, PFF increased by 16.22% (1257.21N to 1461.16N) with increase in tool diameter. 
With simultaneous increase in initial draw angle and blank thickness, the value of PFF increases 
rapidly (Fig. 4c). The response lines are nearly parallel to the axis of initial draw angle which infers 
that blank thickness has more influence than initial draw angle. At 0.95mm blank thickness, there 
is 9.27% (1241.81N to 1361.61N) increase in PFF. The present experimental study reveals that 
most influencing process parameter is blank thickness subsequently, tool diameter, pitch and initial 
draw angle. 

 
Fig. 4. Response surface graph for PFF 

Predictive models 
Quadratic model is best fitted for the present experimental data. The predictive models in terms of 
process parameters for maximum thinning and PFF are given in Eq. 2 and Eq. 3 respectively. 
Predictive models are generated to determine the value of responses at certain values of each 
process parameter. For better results, the values of process parameters must be bounded by original 
range. Predicted R2 value for maximum thinning and PFF is 0.8250 and 0.9924 respectively which 
are closed to 1 hence the models are accepted.  

 
Maximum thinning [%] = 17.903+18.9222×(A)+8.658×(B)+43.544×(C)-2.303×(D)-

0.875×(A)(B)+5.400×(A)(C)-0.050×(A)(D)+0.175×(B)(C)-0.051×(B)(D)+0.050×(C)(D)-
13.968×(A2)-0.318×(B2)-30.768×(C2 )+0.051×(D2).                                                                   (2) 

 
PFF [N] = -1163.860 -713.685×(A) -166.391×(B) -379.694×(C) +91.129×(D)+25.001×(A)(B) 

+826.460×(A)(C)-1.106×(A)(D) +77.052×(B)(C) -0.542×(B)(D)+21.649×(C)(D)+112.361×(A2) 
+7.886×(B2)+504.777×(C2 )-1.171×(D2).                                                                                     (3) 
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Optimization 
Optimization is carried to get minimum thinning and PFF. The desirability approach is selected 
for the study. The desirability function is bounded by 1 and 0, where 1 is acceptable and 0 is 
unacceptable response. The optimum levels of pitch, tool diameter, blank thickness and initial 
draw angle is determined, which also satisfies the required criteria as given in Tab. 5. 

Table 5. Criteria for optimization 

S.N. Parameters Criteria Lower bound Upper bound Optimum value 
1 Pitch [mm] Within range 0.25 0.75 0.25 
2 Tool diameter [mm] Within range 8 12 8 
3 Blank thickness [mm] Within range 0.700 1.200 0.854 
4 Initial draw angle [0] Within range 35 45 35 
5 Max. Thinning [%] Within range 50.30 71.00 55.78 
6 PFF [N] Within range  567.76 2441.24 877.08 

The desirability value of maximum thinning and PFF is 0.735 and 0.835 respectively. Also, the 
average desirability of responses is 0.783, which is close to 1, and hence acceptable. 
Confirmation tests 
The confirmation tests are performed to validate predictive models and optimization results. The 
results of confirmation tests are given in Tab. 6. 

Table 6. Results of confirmation tests 

Results of predictive model 
S.N. Parameters Responses 

A B C D Max. Thinning PFF 
Predicted Actual Deviation Predicted Actual Deviation 

1 0.65 10 0.91 37 70.34 68.77 2.24% 1640.95 1580.04 3.71% 
2 0.40 9 0.79 42 69.64 65.87 5.42% 1290.34 1327.25 2.86% 
Results of optimized values 
1 0.25 8 0.854 35 55.78 54.83 2.80% 877.08 858.38 2.13% 
2 0.25 8 0.854 35 55.78 54.98 1.43% 877.08 861.27 1.80% 

The results of confirmation tests are within 10% of acceptable range therefore predictive models 
and optimization results are valid. 
Conclusion 
The present paper describes the experimental study on maximum thinning and peak forming force 
acting on multi-stage single point incremental forming process. It is observed that initial draw 
angle is the most influencing factor for maximum thinning followed by blank thickness. Maximum 
thinning decreases with decrease in initial draw angle and increase in blank thickness. While, blank 
thickness is the most influencing parameter for peak forming force followed by tool diameter, 
pitch, and initial draw angle. It reduces with decreasing all four process parameters. Also predictive 
models of second order (quadratic) are developed to predict maximum thinning and peak forming 
force. Optimization of parameters has been carried out to get minimum thinning and forming force 
and same are verified using confirmation tests.  
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Abstract. Applying forming operations for the manufacturing of complex functional components 
instead of conventional shearing or milling is an effective way to increase the material efficiency 
of the process as well as the mechanical properties of the part. Nevertheless, in many cases 
subsequent cutting operations are mandatory to reach the final geometry or to add functional 
surfaces for the later assembly. During forming, hardening effects or different strain states can 
cause difficulties for the subsequent cutting operation. These characteristics are commonly 
determined for sheet metal forming processes like deep drawing or bending. However, the complex 
stress and strain states during sheet-bulk metal forming operations and their influence on the 
cutting parameters or the part properties have not been investigated comprehensively so far. 
Furthermore, different assigned processes, like for example orbital forming, allow a local material 
distribution, realizing a gradient in sheet thickness. Therefore, this contribution focuses on the 
establishment of a fundamental process understanding on the influence of a sheet-bulk metal 
forming process on the cutting parameters and the resulting part properties. Functional components 
are manufactured from C10 sheet metal by orbital forming and subsequently shear cut to generate 
the final contour. During cutting, specific force-stroke diagrams are evaluated, in order to analyze 
the influence on the process parameters. The resulting properties of the parts are investigated 
regarding the quality of the cutting surface and a potential geometrical distortion in consequence 
of elastic spring back. The influence of the forming process is outlined by a direct comparison with 
conventionally cut components. 
Introduction 
Global trends, like an increased functionality or a reduction in greenhouse gas emissions, are 
facing the manufacturing industry with emerging challenges [1]. Functional integration and 
lightweight design can be possible answers to overcome current limitations. Nevertheless, an 
increase in geometric complexity as well as a wide variety of possible materials are accompanying 
these approaches. Thereby, conventional manufacturing processes like shearing are reaching their 
limits due to a lack in material efficiency and geometrical limitations [2]. In consequence, the 
development of innovative products as well as efficient forming operations is mandatory. One 
possible approach is the application of bulk forming operations to sheet metal, commonly defined 
as the process class of Sheet-Bulk Metal Forming (SBMF) [3]. Within this process class, a complex 
three-dimensional stress and strain state can be used to locally increase the sheet thickness or form 
functional elements like teeth or carriers out of the sheet plane [4]. One assigned process to 
manufacture functional components with a gradient in sheet thickness is orbital forming [5]. This 
process is derived from conventional upsetting by tilting of one tool component around the angle 
Θ, which is typically between 0 - 1°. A significantly reduced contact area between tool and work-
piece results in a reduced forming force down to 10%, compared to conventional upsetting [6]. 
The consequence is a predominantly radial material flow from the center of the component towards 
the outside, thereby filling cavities attached to the punch in form of rotational or cyclic symmetric 
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thickenings [5]. Nevertheless, the change in sheet thickness due to a three-dimensional material 
flow as well as an alternating punch movement results in tension inside the component. These 
residual stresses are hard to determine due to the complex forming zones [3]. 

These circumstances become challenging when applying cutting operations to realize the final 
geometry or obtaining functional surfaces for a later assembly. The residual stresses may be 
released in form of spring back behavior or distortion of the component [7]. The effect of strain 
hardening during the forming is expected to influence the occurrence of the cutting edge, which is 
a significant factor for the quality of the joint [8]. Since the influence of SBMF processes on the 
geometrical appearance of the components as well as relevant parameters after a subsequent 
cutting has not been investigated comprehensively so far, this investigation focuses on the 
establishment of a fundamental process understanding. Therefore, orbital formed components are 
shear cut in two different stages and compared to conventional parts without forming history. 
Besides the influence on the force-stroke curve, the appearance of the cutting edge as significant 
factor for the part quality [9] as well as the geometrical properties in consequence of a possible 
spring back are evaluated. 
Experimental setup 
In the following chapter, the properties of the applied material as well as the used lubricant are 
described. Furthermore, the geometrical dimensions of the component, the process setup of orbital 
forming as well as the subsequent cutting operation are presented. 

Investigated material and lubricant. Within this contribution, the unalloyed case-hardenable 
steel C10 (1.1121) with an initial sheet thickness of t0 = 2.0 mm is investigated. This steel is 
typically applied for pressed or shear cut parts. The mechanical properties of the material were 
analyzed via tensile tests and are summarized in Tab. 1. For improved tribological conditions and 
in order to reduce wear, the lubricant Beruforge 120DL from Bechem is used. 
 
Table 1: Material properties from tensile test of the used steel C10 (1.1121) in rolling direction 

C10 (1.1121), samples n = 3 Specification 
Yield strength YS 335.4 ± 4.93 MPa 
Tensile strength TS 423.4 ± 6.31 MPa 
Uniform elongation UE 0.14 ± 0.004 
Lankford coefficient r (0°) 0.897 ± 0.027 
Strain hardening exponent n 0.137 ± 0.003 

 
Geometrical dimensions of the functional component. The investigated component is derived 

from a conventional clutch disc carrier plate from ZF Friedrichshafen AG and features an outer 
diameter of d = 120.0 mm. The dimensions of the different thickenings as well as the final cut 
geometry are depicted in Fig. 1. The desired thickening should reach a height of h = 0.5 mm in 
both segments. A slide bevel of 1.0 mm is defined, in order to facilitate the material flow into the 
cavities. To reach the final part geometry for the later assembly to a clutch disc, different cuts are 
necessary. The friction lining is mounted via rivets on the outer edge of the part, which requires 
drilling holes with a diameter of d = 5.1 mm. The carrier plate is mounted onto a flange in the 
center with a diameter of di = 36.5 mm and fixed with rivets featuring a diameter of d = 8.1 mm. 
The dimension of the lightweight windows can be found in the detail view Z. 
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Fig. 1: Geometrical dimensions of the component after orbital forming and cutting 

Orbital forming. The investigated orbital forming process was invented and characterized by 
Merklein et al. [5] and is schematically shown in Fig. 2. The blank with initial thickness of 
t0 = 2.0 mm is placed onto the counterpunch. At the beginning of the process, the press ram of a 
hydraulic deep drawing press TZP400/3 from Lasco closes the tool and applies the forming force 
of Fmax = 4000 kN. Subsequently, the desired tumbling kinematic is applied by the deflection of 
four hydraulic cylinders on the corner of a specific tumbling plate mounted onto a spherical calotte. 
A circular kinematic and a process sequence of Uu = Uc = Ur = 5, during which the angle is ramped 
up, held constant and is reduced to the initial position again, are chosen as uniform parameter 
settings to compare the results along with [5]. By tilting of the lower tool component, the specific 
tumbling angle of Θ = 1° is realized. The quasi-rolling movement of the upper punch over the part 
results in a predominantly radial material flow [6], which is responsible for the filling of the 
respective cavities in the punch as well as in the counterpunch. In consequence, a local adaption 
of the sheet thickness in form of a thickening and corresponding thinning can be realized. 

 
Fig. 2: Schematic process setup of orbital forming, adapted from [5] 

Shear cutting setup. For the cutting process, a special tool setup had been developed and 
manufactured, which is schematically shown in Fig. 3. The component is placed onto the cutting 
plate and is positioned with circumferential pins and two adjustable levers. The press ram induces 
the cutting force via the upper tool plate. Gas pressure springs are responsible for the clamping of 
the orbital formed component trough the clamping plate. The process is divided into two single 
sequences, since the cutting stamps would be to close for a single stage process. Hence, the first 
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step consists of cutting the lightweight windows and the flange hub. Afterwards, the cutting stamps 
are changed for both rivet drillings and the final contour is realized. The cutting clearance is 
defined as 8% from the maximum thickness of tmax = 2.5 mm, resulting in a clearance of 
u = 0.2 mm. The process is force controlled and a breaking of the stamps is prevented by the use 
of stopping plates. During the process, the characteristic force-stroke curve is recorded. 

 
Fig. 3: Schematic process setup for shear cutting of the functional components 

Influence on the cutting process 
In order to evaluate the influence of varying part properties due to a different manufacturing 
process on the cutting parameters, the characteristic force-stroke diagram is compared between 
conventional (a) and orbital formed (b) components in Fig. 4. The characteristic sections can be 
divided into the tensioning of the gas pressure springs as clamping (1), the beginning of contact 
between punch and workpiece (2) with a subsequent increase of the required force. The maximum 
value is reached directly before the point of cut through in form of fracture of the residual sheet 
thickness (3). A significant drop in force is the consequence. The swinging increase on the end of 
the process (4) can be explained by the return stroke of the punch in combination with a partially 
stuck component. 

The maximum cutting force for the conventional sheet with t0 = 2.0 mm reaches values for 
Fc1 = 570.0 ± 8.9 kN and Fc2 = 681.8 ± 7.6 kN, thus tracing back to the different total equivalent 
cutting length of 455.2 mm and 588.1 mm for each sequence. The difference in stroke length of 
both peaks can be explained by an axial offset of the mounted cutting punches inside the tool. 

When analyzing the diagram for the orbital formed component, a distinct appearance for both 
sequences can be detected. Due to the local gradient in sheet thickness, the engaged cutting line in 
the first sequence is varying with increasing stroke. First, the punch comes into contact with the 
inner segment, initiating the increase in force, which is lower compared to the force for the 
conventional blank. After the distance between the thickening is exceeded, the engaged cutting 
line increases promptly and the required force rises significantly (x). Since the inner segment is 
already partially cut, the maximum force reaches slightly lower values of Fo1 = 502.7 ± 6.6 kN. 
Due to the overall higher sheet thickness of to = 2.5 mm, the cut through is reached at a lower 
punch position and the punch force is increased. The influence of strain hardening during the 
forming operation influences the maximum cutting force as well, reaching values of 
Fo2 = 796.0 ± 8.6 kN for the second sequence. This value resembles an increase of 16.7%, 
compared to the conventional component. 
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Fig. 4: Characteristic force-stroke diagram of a) conventional and b) orbital formed parts 

Influence on the resulting part properties 
Besides the process parameters, the resulting part properties are of importance to evaluate the 
influence of the manufacturing process on the shear cutting of functional components. Therefore, 
the appearance of the cutting edge as well as the geometrical properties of the manufactured parts 
are analyzed. 

Shear cutting edge. The cutting edge resembles a relevant factor for the quality of the later joint. 
Since the material properties of the components vary during the orbital forming process, referring 
to the effect of strain hardening [5], the resulting cutting edge has to be analyzed. Therefore, the 
cutting edges are analyzed with a three-dimensional laser scanning microscope Keyence VK-X200 
from Keyence. The resulting images with a perpendicular view on the edges are shown in Fig. 5. 
On the top side, the conventional component features burnish depths between 0.57 mm on edge 1, 
resembling 29% of the sheet thickness, up to 0.95 mm or 47% on edge 4, depicted in the diagram. 
This ratio is partially depending on the punch geometry but is in general in good accordance with 
the results in [10], which also show values of 37% - 47% for a comparable material strength class. 

On the bottom side, the cutting edges for the orbital formed component are depicted. It can be 
seen, that the ratio of burnish zone to overall thickness in the diagram is significantly lower in all 
four segments. The values of this ratio reach from 15% in segment 1 up to 39% in segment 4, 
which is compared in the diagram as well. Due to the mentioned hardening during forming, the 
material strength increases as well. As presented by Levy and Tyne [10], the ratio of burnish zone 
to thickness is strongly depending on the tensile strength, reaching comparable values for the 
tensile strength of the initial and the orbital formed material C10 (1.1121). 

0
100
200
300
400
500
600
700
800
kN

1000

30
,4

29
,6

27
,7

27
,2

27
,2

27
,2

27
,2

27
,1

26
,6

23
,0

21
,9

21
,1

Pu
nc

h 
fo

rc
e

30
.0

28
.2

26
.4

24
.6

m
m

30
,4

30
,2

28
,5

27
,4

27
,4

27
,4

27
,4

27
,4

27
,4

27
,4

27
,3

27
,1

26
,7

25
,8

23
,1

Punch stroke

30
.0

21
.0

28
.2

26
.4

24
.6

m
m

Punch stroke

a) Conventional (n = 3) b) Orbital formed (n = 3)

21
.0

■ First cutting sequence
■ Second cutting sequence

Contact Contact

1 2

3

4
1 2

3

4

1 Clamping x Punch contact 3 Cut trough 4 Return stroke2

x

x



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 61-68  https://doi.org/10.21741/9781644902417-8 

 

 
66 

 
Fig. 5: Shear cutting edge and ratio burnish depth to thickness for both components 

Besides the cutting edge itself, the influence of the cutting process on the mechanical properties 
of the component are evaluated, especially in the direct proximity of the cutting edge. Therefore, 
the micro hardness distribution of a radial cross section is evaluated, using the measuring system 
Fischerscope HM2000 from Fischer. The hardness plots for the different sections are depicted in 
Fig. 6. The effect of strain hardening close to the cutting edge due to the influence of the punch 
can be detected, since values of 288 HV0.05 could be reached. Achouri et al. [8] explain this 
influence by the plastic deformation of the material in the vicinity of the cutting edge. This plastic 
deformation is responsible for crack initiation and growth until fracture. This effect is visible for 
all segments, independent on the location of the cut or the respective thickness. To validate the 
influenced zone from the hardness plot, micro structural analysis of the material are prepared by 
different grinding and polishing operations and a subsequent edging. The microstructure is shown 
exemplarily for the outermost cross section in Fig. 6. The orientation of the grain structure 
indicates an influenced zone on the top side of the component of around 0.4 mm from the cutting 
edge. Furthermore, the rollover depth, the burnish zone as well as the fracture zone can be detected. 

 
Fig. 6: Hardness distribution and influenced microstructure of the orbital formed component  
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Geometrical distortion. Another important factor for the later assembly is the resulting 
geometrical dimension in consequence of a possible distortion due to elastic spring back after the 
cutting process [11]. To evaluate this distortion, the part contour over the radius is measured using 
the three-dimensional measuring system ATOS from GOM, which is depicted in Fig. 7. When 
comparing both contours, the occurring distortion on the outer edge of the part with an offset of 
0.28 mm and a resulting angle of 9° can be observed. This distortion can be explained by the elastic 
spring back due to a release of the residual stresses in combination with the missing support 
function of a die, as it exists for example during the orbital forming process. A distortion in upward 
direction is the consequence. This spring back is not a severe process failure but needs to be kept 
in mind for the later assembly. A possible solution could be a calibrating step with the orbital 
forming tool. 

 
Fig. 7: Geometrical distortion of the shear cut orbital formed component 

Conclusion and outlook 
The aim of this contribution was to establish a fundamental process understanding on the influence 
of the three-dimensional stress and strain state during Sheet-Bulk metal forming processes on the 
resulting part properties after a subsequent shear cutting process. Therefore the characteristic 
force-stroke diagram was evaluated. Furthermore, the cutting edge and the strain hardening effect 
were analyzed. The geometrical distortion in consequence of elastic spring back outlines current 
limitations of the cutting process. 

Summarizing the most important results within this contribution, the following conclusion 
could be derived: 

- The effect of strain hardening during forming is responsible for an increase in required 
cutting force [7]. This increase is furthermore depending on the length of the engaged 
cutting line due to the locally varying sheet thickness and material properties. 

- The increased hardness is responsible for a decreased ductility and consequently an 
increased fracture depth on the cutting edge. This results in an overall decreased ratio 
of burnish depth to total thickness, as already stated in [10]. 

- An occurring plastic deformation of the material near the cutting edge due to the 
penetrating punch can be obtained by microstructural analysis. Furthermore, this 
deformation is the reason for a significant strain hardening directly next to the cutting 
edge [9]. 

- The geometrical accuracy of the final part is limited with regard to an appearing 
distortion after the cutting process. This distortion offers values of 9° compared to the 
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initial formed component and can be explained by the elastic spring back [11] in 
combination with the missing support function of a die during the cutting process. 

Since a fundamental process understanding on the influence of sheet-bulk metal forming 
processes on a subsequent cutting operation and the resulting part properties could be established, 
future research should focus on the expansion of this process knowledge. Therefore, the 
transferability of the presented results between different forming processes within SBMF as well 
as different material strength classes should be investigated. The implementation of a numerical 
model, representing the forming as well as the cutting process would be beneficial, in order to 
allow a deeper process analysis on the interdependencies between the forming and the cutting 
operation. 
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Abstract. The focus of this research lays on the further development of the Polygon Forming 
Technology, which is already successfully used for cold forming components in the aerospace 
industry. One example is the fuselage shell of the Airbus Beluga XL. According to the current 
state of the art it is possible to incrementally form large cylindrical or conical fuselage components 
by Polygon Forming. With the use of so-called infills, the Polygon Forming process can also be 
used to form components with pockets milled in the initial plane state. The limits of this technology 
exclude the creation of spherical geometries, such as those used in the front or rear fuselage 
sections of aircrafts. Presently, such components are produced by more complex stretch forming 
processes, which result in a considerable amount of scrap. In this work, a tool is developed to 
replicate the Polygon Forming process on experimental scale at the Institute of Forming 
Technology and Machines (IFUM) for materials commonly used in aerospace engineering. In 
addition, a downscaled pre-test tool is developed to investigate different tool geometries for 
incremental spherical forming inexpensive and easy according to the method of rapid prototyping.  
Introduction 
Since the mass of an aircraft has a decisive influence on fuel consumption, lightweight construction 
is of particular interest in aviation. Therefore, a reduction in weight has enormous economic and 
environmental benefits [1]. In addition to fiber-reinforced plastics and titanium alloys, mainly 
aluminum alloys are used due to their low density [2]. Various aluminum alloys come into 
operation in the aerospace industry. An application example for alloys of the 7xxx series is the use 
for highly stressed components in the fuselage structure [3]. Another alloy used for the production 
of fuselage parts is EN AW2024 - T351. Depending on the alloy, the mechanical properties such 
as strength or resistance to stress corrosion cracking can be adjusted with the aid of heat treatments. 
The respective conditions are defined according to DIN EN 515 [4].  

To generate the desired geometries of the sheet metal parts, sheet metal forming processes are 
an essential technology in aircraft production [5]. The manufacturing of large-area fuselage 
structural parts in the aerospace industry is usually carried out by means of roll-forming or stretch-
forming. Roll-forming is a process for the production of curved sheet metal parts. A possible 
design of roll-forming lines is a symmetrical three-roll arrangement [6]. This technology provides 
favorable loading conditions with comparatively low forces and is usually used for forming thick 
plates [7]. In stretch forming, a flat sheet blank is usually clamped on two opposite sides and is 
then formed into the desired shape by the action of a forming punch. Depending on the punch 
geometry, stretch forming can also be used to produce spherical sheet metal components. 
However, this technology is associated with a high material waste, limited dimensional accuracy 
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and an undesired reduction in sheet thickness [7]. Another method to produce aircraft fuselage 
parts is the incremental bending process Polygon Forming, developed and patented by the 
company Deharde GmbH [8]. Here, aluminum sheets are bent by means of incremental forming. 
According to DIN 8586, bending serves to plastically form solid components (e.g. metal sheets), 
whereby the plastic state is essentially generated by bending stresses [9]. Usually special machines 
such as presses, bending or straightening machines are used for this purpose [10]. Polygon 
Forming represents a special form, which is suitable for the production of curved, turned, and 
conical sheet metal parts, where relevant geometric elements, such as pockets, drill holes or 
recesses are generated before the bending process. This eliminates the need for time-consuming 
post-processing, which usually require cost-intensive five-axis milling machines.  
In the cooperative joint project “Aggregated Polygon Forming based Processes for large Fuselage 
Components” (AgaPolCo) involving the Deharde GmbH and the IFUM, the technology of Polygon 
Forming, which has so far only been applicable to cylindrical and conical components, is to be 
transferred to the production of spherical components. Spherical components are mainly used in 
the front or backside area, while cylindrical components are mainly used in the middle area of 
aircraft fuselages (see Fig. 1). In order to make Polygon Forming usable for the new spherical use 
case, a tool with which the Polygon Forming process of Deharde can be reproduced on a hydraulic 
press at the IFUM is developed. The tool will be designed, built and set up. In addition, another 
downscaled prototype tool is used to investigate forming strategies and tool geometries for 
incremental spherical forming. The experimental investigation provides a preselection of suitable 
tool geometries. Here, the experimental investigation is faster than a numerical one due to the 
simulative complexity. The identified optimal tool geometries will be further optimized iteratively 
in the further course of the project by means of numerical investigations. 
 

 
Fig. 1: Fuselage sections of an aircraft on the example of an Airbus A320 (image source: [11]) 

Materials and Methods 
The overall aim of the project “AgaPolCo” is the production of spherical components by 
incremental bending from the aluminum alloy EN AW2024 - T351. For this purpose, a polygon 
forming demonstrator tool is built with which blanks are initially bent cylindrically and in the 
evolving project it is aimed to form spherically on a hydraulic press. EN AW2024 - T351, in the 
following named AA2024, is one of the most popular high strength aluminum alloys. Due to its 
high strength and fatigue resistance, it is commonly used on components and structures in aircrafts. 
AA2024 has a yield strength of approx. Rp0,2 = 290 MPa and a tensile strength of approx. 
Rm = 440 MPa [12]. 

Tool geometries for bending spherical components are to be investigated in a preliminary 
testing tool. For this purpose, several tool concepts are additively manufactured using the rapid 
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prototyping method. Since the tools are not printed in massive form to save time and costs, they 
cannot stand high forming forces. Therefore, a more ductile material than the high-strength 
AA2024 must be used for the forming experiments. The AlMg alloy EN AW5754, short AA5754, 
has a very high formability, which allows the production of components with complex geometries. 
It has a yield strength of approx. Rp0,2 = 80 MPa and a tensile strength of approx. Rm = 240 MPa 
[12] and is therefore taken as pre-testing material. 
Scaled Polygon Forming Tool 
Based on the forming tool of the company Deharde, a tool is designed with which Polygon 
Forming can be investigated at the IFUM. The tool can be installed in a hydraulic double-column 
press type HDZ400 of the company Dunkes GmbH. The basic tool consists of the active 
component sword and bed as well as one adapter each for installation on the machine bed and on 
the press ram (see Fig. 2). The sword is screwed interchangeably to the upper die and is pressed 
incrementally into the sheet blanks during the process. The bed serves as a support for the blanks 
and is designed to be adjustable in width. The sword and bed are made of polyamide (PA6) to 
ensure a certain elasticity in the contact and thus prevent imprinting contours on the blanks. Three 
layers of spring steel 1.1274 in the thickness of t = 1.5 mm are placed on the tool bed to provide a 
smooth ground for the sheet blanks and to enable the bending of the outer contour of the sheet. 
The sheet blanks are rectangular plates with a dimension of 500 mm x 500 mm and a thickness of 
t = 3.2 mm made out of aluminum alloy AA2024. The rolling direction of the sheets is oriented 
perpendicular to the feed direction. 

Initial forming experiments are conducted to investigate the accuracy and reproducibility of the 
process. Therefore, the aluminum plates are manually fed step by step with a feed width (FW) of 
FW = 20 mm after each stroke perpendicular to the press ram movement. After each feed the 
sword is pressed path-controlled into the sheet plates up to an indention depth (ID) of ID = 0.8 mm 
beneath the bed surface. The bed width (BW) is set constant to BW = 110 mm. The experiments 
are repeated three times with these parameters.  
 

 
Fig. 2: Scaled Polygon Forming Tool at the IFUM 

After incremental bending, aluminum plates are measured with an optical measuring device 
Atos 2 400 of the company Carl Zeiss GOM Metrology GmbH. The bending of the sheet plates is 
evaluated by determining the bending lines from the three-dimensional scan data. The bending 
lines are determined for each of the formed plates at five positions. Averaged bending lines are 
determined for the inside radii of the plates and compared with each other (see Fig. 3). A 
comparison of the three formed plates (Test 1-3 in Fig. 3) show, that the process provides a good 
reproducibility. The relative standard deviation of the three averaged inside radii is SD = 2.76 %. 
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Fig. 3: Measurements of the profile bending of incremental formed cylindrical AA2024 plates 
Therefore, the experiments show that the scaled Polygon Forming tool is suitable to reproduce 

and to analyse the Polygon Forming process executed on industrial scale by Deharde. In order to 
identify tool geometries for spherical forming, a pre-testing tool was developed.  
Pre-Testing Tool 
In order to identify suitable tool concepts for spherical forming, a preliminary experimental study 
is carried out in which various sword and bed geometries are investigated. Thus, the applicability 
of the developed concepts will be validated experimentally. For this purpose, different sword and 
bed variations are additively manufactured on a 3-D printer (type RF2000 of the company Conrad 
Electronic SE) and tested for spherical forming in a pre - testing tool on a manual press. The 
additively manufactured components are printed from the material polylactic acid (PLA) in 
segments, which are joined together to form total tool components (see Fig. 4). The segmental 
production is necessary because the 3D printer has a limited production space and the complete 
length of the components cannot be produced in one print. 

The pre - testing tool consists of a sword which can be moved vertically along two guide 
profiles by means of sliding slides and return springs. The guide profiles are connected to a base 
frame from which the supports (bed) for the blanks extend. The sheets to be formed are placed on 
the bed and feed manually in after each stroke. The forming force is applied via a hydraulic punch, 
which can be moved to a fixed indentation depth (see Fig. 4 left). As plate material AA5754 in the 
thickness of t = 1 mm with a rectangular shape of 400 mm x 400 mm is used. The indentation 
depth is set to ID = 10 mm beneath the bed surface, the bed width is set to BW = 100 mm and the 
feed width is set to FW = 10 mm.  
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Fig. 4: Pre - testing tool (left), additive manufacturing of tools for spherical forming (right) 
Three concept variations of sword and bed geometries are investigated (see Fig. 4 right). In 

variation 1, supports tapering transversely to the feed direction are provided as a bed and a 
matching laterally tapering centerboard is provided as a sword. The curved shape perpendicular to 
the feed direction is intended to generate a spherical bend in addition to the cylindrical bend in 
feed direction. In variation 2, a sword with a cambered shape and a one-sided support, which is 
the opposite shape to the cambered sword is used. The cambered form of the sword is intended to 
additionally press the sheet into a spherical shape. The shape of the bed is intended to provide a 
forming constraint on the underside of the sheet in the spherical direction. In variation 3, only a 
cambered sword is investigated for pressing a bend perpendicular to the feed direction. This 
variation thus provide the lowest forming constraint in the forming zone. 

Variation 1. The forming behavior of sheets using the tool geometry of variation 1 is shown in 
Fig. 5. It can be seen that with the laterally curved sword and bed, bending occurs both in the feed 
direction and perpendicular to the feed direction. Thus, the desired spherical shape can be 
generated with variation 1.  

 

 
Fig. 5: Concept with curved bed and sword geometries (variation 1) for spherical forming 
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It is noticeable that the sheet under the sword buckles downwards on one side (see Fig. 5), since 
it does not recieve any counterpressure in this area. The form constraint coming from the bending 
geometry of the sword is thus reduced, which causes problems in dimensional accuracy. 
Nevertheless, this concept turns out to be very promising and can possibly be further optimized 
using elastic counter bearings under the sheet. 

Variation 2. The forming behavior of sheets using the tool geometry of variation 2 is shown in 
Fig. 6. At the beginning of the forming process, a bending contrary to the targeted spherical 
direction appears in the middle of the plate. The cambered sword first comes into contact with the 
plate with its elevation in the center. When the sword is pressed further into the sheet, it stiffens 
over the length perpendicular to the feed direction. The sheet cannot change shape in the spherical 
direction. However, when the sheet is pushed further, it is observed that the initial stiffened area 
does not move along the length of the plate and remains at the edge of it (see Fig. 6 right). In the 
center of the plate, a spherical area with a curvature in and perpendicular to the feed direction is 
created. This is probably promoted by the concave bed. However, it can also be seen that an area 
is created in front of the feed area of the blank, in which the blank is strongly buckling. The concept 
of variation 2 is therefore not as suitable for spherical forming as variation 1. 

 

 
Fig. 6: Concept with cambered sword and concave bed geometry (variation 2) for spherical 

forming 
Variation 3. The forming behavior of sheets using the tool geometry of variation 3 is shown in 

Fig. 7. It can be seen that comparable to variation 2 with the cambered sword, a bending occurs in 
the opposite direction to the targeted spherical geometry. In contrast to variation 2, the area bent 
against the spherical direction moves along with the sheet feed and does not remain stationary. A 
spherically shaped area can therefore not be generated only with a cambered sword without a 
corresponding bed. Variation 3 is therefore not suitable for spherical forming. 

The different bending of the sheets caused by variant tool shapes can be explained by the 
occurrence of different stress states. During bending, compressive stresses prevail on the inside of 
the blade, where the sheets are compressed and tensile stresses on the other side where the sheets 
are widened [13]. 
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Fig. 7: Concept with cambered sword geometry (variation 3) for spherical forming 

If the sheets are bent in the feed direction and perpendicular to it, compressive stresses occur 
with a positive superposition and maximum stress peaks in the area where bulging occurs (see 
Fig. 8). 

In Variation 1, the opposing shape of the blade and bed probably results in lower maximum 
compressive stresses compared to Variation 2 where the maximum compressive stresses are 
positively amplified. The addition of the compressive stresses on the upper side of the sheet could 
initiate a bending in the opposite direction when the sheet is no longer under forming constraint. 
For Variation 3, the local stress state might differ compared to Variation 2 due to the symmetrical 
two-parted bed. The lower shape constraint leads to lower maximum compressive stresses and thus 
to lower stiffening bulging. 

 

 
Fig. 8: Stress-states for cylindrical and spherical Polygon Forming 

Summary and Outlook 
In this research, an experimental tool for investigation of the polygon forming was developed. 
Cylindrical components were produced successfully from an aluminum alloy EN AW2024 - T351 
commonly used in aircraft construction. In addition, different tool geometries for incremental 
spherical forming were investigated with a pre-testing tool. It could been shown that a curved 
sword with an associated bed on both sides leads to the most promising results regarding spherical 
forming. An elastic counter-bearing in the bed area could further improve the forming constraint 
and thus the dimensional accuracy of the spherical blanks.  
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In following works, a simulation will be carried out with which the polygon forming on the 
IFUM demonstrator can be mapped. In addition, the tool geometry according to variation 1 will 
be used in a numerical simulation for the forming of higher-strength AA2024, with increased sheet 
thickness of t = 3.2 mm. Therefore, iterative optimizations are made to compensate material 
springback and avoid buckling. After an iterative numerical optimization of the geometry, tool 
components will be manufactured with which spherical forming could be performed on the scaled 
polygon forming IFUM demonstrator.  
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Abstract. Incremental sheet forming (ISF) constitutes a flexible production process for sheet 
materials for small to medium batch sizes, in which the geometry of the part is created via the 
movement of a stylus. ISF can be carried out with or without support from the opposite side. With 
the use of dies, the geometry deviation can be reduced. In order to be able to guarantee an overall 
flexible process, the ability to produce dies quickly and individually from the lot size one is 
necessary. In addition to milling, which has been the primary method used up to date, additive 
manufacturing (AM) also meets the requirements for flexible die production. To investigate the 
suitability of additive manufacturing to produce dies for ISF, a pyramid-shaped die was fabricated 
from polylactic acid (PLA) using the fused filament fabrication (FFF) process. This die was used 
for three incremental sheet metal forming operations using pure aluminum sheets and was 
compared with an identical milled tool. Based on the measurement results, the suitability of 3D 
printed dies for ISF is examined, and opportunities as well as application limits for such dies are 
discussed. 
Introduction 
Incremental sheet forming (ISF) is one of the sheet metal forming processes, which are not 
dependent on a part-specific die. This category includes mechanical processes such as hammer 
forming and forming by means of shot peening or water jets, as well as thermal processes such as 
thermal straightening and forming by means of laser beams. All these processes are characterized 
by high flexibility due to the easily controllable local forming zone. Furthermore, adjustments to 
the sequence are possible, and the investment costs for dies are significantly lower or completely 
omitted. However, while using these processes, only low productivities can be achieved, therefore 
they are preferably used for small to medium lot sizes. 

ISF has evolved from the process of spinning and was originally used for prototyping [1]. In 
the meantime, a wide range of applications has emerged, and an almost unlimited variety of sheet 
geometries can be produced [2]. In contrast to conventional sheet metal forming processes, the 
forming is carried out via the continuous movement of a stylus. The simplest variant without a 
counter die is the so-called single-point ISF. In addition, other variants with an underlying die or 
support have been continuously developed to further improve the geometrical accuracy of the ISF 
[3]. The die supports the already formed geometry and reduces the subsequent deformation of 
these areas. ISF with a die can achieve the highest geometrical accuracy [4]. Due to the recorded 
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lower global tool load also, easy-to-machine and low-cost materials (e.g. plastic, wood, foam or 
plywood) are suitable for the technology [2]. Nowadays, the dies are most commonly 
manufactured by milling from a full block or bonded material. 

However, to conduct an overall flexible ISF process, a fast and adaptable strategy for 
manufacturing of the dies is required. Due to the small lot sizes, the production of the die for the 
ISF is an important factor in the time and cost incurred. This challenge could have been overcome 
by the development in the field of rapid tooling (RT); here, the tool is generated by adding material 
layer-by-layer [5]. Different RT approaches, including the generation of plastic tools, have been 
intensively studied for conventional sheet metal forming processes [6]. At first, RT with plastics 
focused on patterns for casting and indirect tooling, which do not have to bear the high loads that 
occurred in direct tooling applications [7]. Already 20 years ago [5] stereolithography was used to 
produce plastic AM dies, which have been used as masters for casting tools from aluminum 
reinforced epoxy resin. Direct RT among others was the domain of metal tools additively 
manufactured by selective laser sintering (SLS). This process produces stiff tools with a rough 
surface, which increases wear and friction [6]. One of the first applications of the SLS tool for 
sheet metal forming was realized by Cheah et al. [8].  

Costs and time for generating FFF tools. FFF has been used to produce tools for conventional 
sheet metal forming, especially because the low cost of materials and printers offers high potential 
cost savings compared to metal tools [9]. The tools for conventional sheet forming “are generally 
expensive and the lead time is relatively long, drawbacks in cost and time are not problematic in 
comparison with direct manufacturing of parts” [10, ]. Using FFF with the same material can 
reduce the cost for manufacturing a deep drawing tool consisting of a die, a counter die, and a 
blankholder by 78 % by milling polyamide 6 (PA6)/PLA tools and by 93 %. Bergweiler [11] 
showed that if the die fabrication is not possible to perform in-house, costs and fabrication time 
can be saved by using online loan additive manufacturing compared to external loan milling. 

FFF for generating dies for incremental sheet metal forming. While in the last years' much work 
has been done in researching the usability of FFF tools for conventional deep drawing, the use for 
ISF received only limited attention. Rieger [4] used robots for FFF printing acrylonitrile butadiene 
styrene (ABS) dies and for the subsequent ISF. At first, the die was printed horizontally on a wall 
using one robot and afterwards a second robot formed a metal sheet onto this die using ISF without 
repositioning the die in between. The experiments were performed with 0.8 mm thick DC04 steel 
sheets. 

It was shown that with the use of a 3D-printed die for the ISF, a significant improvement in 
geometry accuracy could be achieved compared to the ISF without a die. The used test geometry 
resulted in a maximum deviation of the sheet of 17 mm when the ISF was conducted without a 
die, as well as with the use of a second stylus from the opposite side. This deviation occurred due 
to the subsequent deformation of the sheet. In the experiments with the use of a 3D printed die 
either in the form of a full support (tested with 77 % and 38 % infill degree) or as a partial support 
(38 % infill degree) the subsequent deformation could be completely eliminated. The full dies with 
77 % and 38 % infill degree respectively, generated sheets with very similar geometric accuracy. 
With the use of the partial dies the subsequent deformation only occurred in parts of the sheet, 
where there was no support in place. The authors concluded, that for the dies used, the base 
surfaces of the test geometry must be supported, but it is not necessary to support the geometry 
itself. In addition, the use of FFF printed dies with an infill degree as low as 38 % proved suitable 
for the ISF. Following the work of Rieger [4], this research is going in a similar direction, by 
manufacturing a die in a FFF process and using it subsequently for the ISF-process. Due to the 
good availability and the potential cost savings by using a commercial desktop FFF printer, the 
suitability of such a printer for ISF shall be further investigated in this work. The motivation of 
this work is based on this. The novelty of pyramid-shaped, FFF-printed dies being suitable for 
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incremental sheet metal forming and the deviations of tool and part at small batch sizes are to be 
investigated. 
Methodology 
Manufacturing and measurements of the ISF dies. For the geometry of the die a truncated square 
pyramid with an edge length of 125 mm, a height of 50 mm and an angle of the side walls of 45° 
was selected as a case study. Due to the geometry, a constant high effective strain in the sheet can 
be realized at the pyramid side faces, and in addition, the influence of corners on the resulting 
geometry can be investigated. The printing was performed using an Ultimaker S5 printer with the 
inexpensive, comparatively strong and good processible filament Ultrafuse PLA white from the 
company BASF as the printed material. 

In comparison to dies for deep drawing, where the major load on the die is in the direction of 
the press movement, the dies for the ISF are subjected to the load from the stylus, which is mainly 
dependent on the formed geometry. Since the truncated pyramid has a wall angle of 45°, an infill 
pattern was looked for, which feature a high compressive strength in this direction. The octet 
pattern was chosen for this purpose based on the perpendicular and parallel orientation of the lines 
to the object edges, which are expected to increase the strength perpendicular to the pyramid side 
faces. A unit cell of the octet pattern is shown in Fig. 1 a. The degree of filling was deliberately 
selected to be very low to save printing time and to test the application limits of the filling 
structures. Since Rieger [4] used an infill degree of 38 %, which worked fine with a 0.8 mm thick 
DC04 sheet, an even lower infill degree of 20 % was investigated in this work. The printed die 
wall thickness is 1 mm. To minimize the stair stepping effect a 0.4 mm nozzle in combination with 
a layer height of 0.1 mm was used. To enable the printing a polyvinylacetat (PVA) support 
structure was applied, which was subsequently dissolved in a water bath. The complete printing 
time of the die was 41 h. 

The finished print of the die made from white PLA is displayed in Fig. 1 b. For comparison, 
another die with the same geometry was milled from a polyurethane block (Fig. 1 c). 
a)                                       b)                                                     c) 

Figure 1: a) unit cell of the octet infill pattern b) 3D printed die c) milled die  
The printed and the milled dies were 3D measured after the fabrication using the fringe projection 
method with a COMET 6 measurement system from the company Steinbichler. The geometry 
deviations are displayed in Fig. 2. The largest deviation of the printed dies occurred in the area of 
the lower pyramid corners, which bulged upwards by up to one millimeter. This bulging is caused 
due to the warpage of the PLA during the cooling down. Furthermore, the stair-stepping effect of 
the FFF process is visible on the surface. In addition, artifacts of the filling pattern are visible in 
Fig. 2 b in the form of z-parallel rings on the pyramid side faces. The milled die (Fig. 2 c) showed 
higher geometric accuracy, and the maximum deviation amounts less than 0.1 mm. 
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a)                                                                    b)                                      c)

 
Figure 2: Geometry deviations of the a-b) printed die and c) milled die. The X points to the side 
with the flattened tool holder; the legend shows the deviation from the nominal geometry in mm. 

Execution of the ISF. The ISF-process was executed on a fixture with a non-traversing clamping 
frame and a pure aluminum sheet (EN AW-1050A H11) with a thickness of 1.2 mm (Fig. 3 a). 
Due to the static clamping frame, the stylus always alternately moved on a path on the outside near 
the clamping frame and on a path on the inside at the die, so that from side-view a W-shaped part 
with wall angles of 45° is formed (Fig. 3 b). The desired geometry of the sheet contains only the 
inner pyramid. 
 

a) b)                                        

  
Figure 3: a) setup of the ISF trials b) Sheet metal after incremental forming with 50 mm infeed 

depth and light wrinkles at the bottom pyramid corners. 
The tool used for the testing was a freely rotating, spherical hard metal stylus with a diameter 

of 30 mm. The sheet was lubricated on the upper side. The ISF was executed using a step increment 
of 0.5 mm and a movement speed of the stylus of 5 m/min, which resulted in a total forming time 
of 35 min. During the forming, the bottom of the sheet bulged upwards, which resulted in a small 
amount of wrinkling at the end of the base corners of the sheet. One sheet was formed using the 
milled die, and three sheets were formed using the printed die. 

Results of the 3D measurements. The printed and the milled die as well as the formed sheets 
were 3D measured after each ISF. Only the inner pyramid of the sheets was measured because this 
part contains the desired geometry. The results are displayed in Fig. 4. The measurements of the 
sheets are fitted to the plane at the top of the truncated pyramid. 
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Figure 4: results of the 3D measurements of the dies and formed sheets in comparison to the 
nominal geometry. The deviations are in mm. The upper legend corresponds to the measured 

dies, and the lower legend to the measured sheets. 
The results of the 3D measurements show that nearly no plastic deformation of the printed die 

occurred after three subsequent ISF. When comparing the printed die in the initial state and after 
the third ISF only the edges on the top plane of the truncated pyramid were minimally rounded 
and colored black based on the contact with the sheet. The top plane was slightly leveled after the 
third ISF, in comparison to the beginning, on the other hand, the edges of the pyramid side faces 
do not exhibit any deformation. Summing up, the die only faced insignificant plastic deformation. 
The fact that the die is deformed only elastically is an important requirement for the application of 
such dies in the ISF-process. The stability of the dies can also be seen in the resulting sheet 
geometries. The deviations between the three sheets, which were formed using the printed die, 
were negligible. This also shows the good reproducibility of the formed parts in this very small 
product series. Furthermore, it could be shown, that the resulting sheet geometries formed with the 
milled and the printed die are almost identical, which enables the printed die to be a viable 
substitute for the milled die. 
However, the deviation from the nominal sheet geometry of up to 1.5 mm is clearly visible on the 
resulting sheet geometries using both dies. Thereby the deviations from the nominal geometry are 
independent of the type of die (printed or milled) but are an artifact of the ISF process, mainly 
caused by the sheet stringback, which was not considered in the used process control. The achieved 
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geometric accuracy is comparable to the results of Rieger [4], who also used the completely 3D 
printed dies and likewise did not consider the sheet stringback in the ISF-process.  

The layer height for 3D printing was deliberately chosen to be very low at 0.1 mm, as it was 
not possible to foresee how much the stair-stepping effect would affect the surface quality of the 
soft aluminum sheet. No imprints of the stair-stepping effect of the printed die could have been 
found on the downside surface of the formed sheets. By any further increase of the layer height, 
printing time can be significantly reduced. Thereby it must be ensured that the ISF does not leave 
any unwanted impressions on the sheet. Furthermore, when using sheets with higher hardness (e.g., 
steel sheets), it can be assumed that stair-stepping effects leave fewer impressions. 

Comparison of milling and 3D printing for the dies production. The milling of the die took 
73 min, in comparison, the production of the same die using 3D printing is significantly slower, it 
required 1 d and 17 h. Removing the support structures in a water bath lasted another 2 h. 

Both programs for producing the dies were not optimized for the shortest possible process time. 
The milling was carried out on a CNC-milling center optimized for metal machining. By using a 
milling machine designed for plastics, the time required for milling can be significantly reduced. 
The same applies to 3D printing. Time can be saved by increasing the layer height. In addition, 
with a larger nozzle and a matching printer, the printing time can be reduced even further, but the 
print quality will be correspondingly lower.  There is also potential for optimization of the support 
structure, which accounts for 15 h of the printing time. The support structure was generously 
designed, by adjusting the print, it will probably be possible to reduce this time by half. 
Nevertheless, the milling process can produce a functional die for the ISF considerably faster. 

It should be noted that a 3D-printer can operate very well over a long time without supervision 
or tool changes like in the milling machine. For example, all printing times up to 16 h can be 
carried out very well overnight, and longer prints can be carried out over the weekend if necessary, 
so that the dies are ready in the morning of the next working day. 

To calculate the material costs of dies it must be considered, that on the one hand the material 
mass needed for 3D printed dies is lower, because of the waste-free production and the lower 
material consumption through the use possible of filling patterns. On the other hand, the filament 
is more expensive than the block material.  Calculated for to the used die geometry, 32 % of the 
material costs were saved compared to the milled die (Table 1). With a mass of only 181 g, the 
printed die is also 73 % lighter than the milled die with a mass of 675 g. 

Table 1: Calculation of the material cost of the dies 

Die type Material Mass [kg] Price 
[€/kg] Material costs [€] 

3D printed 
PLA 0,18 30 5,43 
PVA 0,08 80 6,48 

   Σ 11,91 
milled Sika Block M945 (PUR) 2,39 7,4 17,70 

Summary 
It could be shown that FFF printed PLA dies with an infill density as low as 20 % are suitable for 
the ISF of fine pure aluminum sheets. With a use of a die fabricated by FFF the same sheet 
geometries could be reproducibly manufactured as with an identical milled die in a very small lot 
size. After three ISF operations, no plastic deformation of the dies could be detected. By using the 
3D printer, it was possible to save almost one-third of the material costs for the dies used. 
3D printed dies can thus be a viable alternative to milled dies. However, higher geometry 
deviations and printing times of up to several days must be accepted for the advantages of material 
cost savings and a high degree of design freedom.  
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The advantages of 3D printing regarding the production of dies for the ISF are the low 
investment cost for the 3D printer, the high freedom of design, the noncutting machining, the lower 
mass of the dies and the potential of saving material costs as well as the potential of printing new 
geometry on existing dies. On a contrary, there are the following disadvantagesdisadvantages of 
FFF 3D printing: the stair-stepping effect of varying magnitude depending on layer height, the 
slow production of the dies, the dies are less rigid and strong and the limitation that only 
thermoplastics can be processed. Furthermore, the 3D printing is only suitable for small dies and 
the warping increases with increasing die size also the larger geometry deviations occur (compared 
with milling) and support structures may be necessary and must be removed (depending on the 
model).By using FFF 3D printing concepts beyond a desktop printer, for example, by a robot with 
a mounted FFF print, the printing of the die and the forming of the sheet metal can be performed 
in the same machine in one setup. An example of such a system has already been successfully 
implemented by Rieger [4] with two robots. Furthermore, new possibilities evolve, like printing 
new geometries on existing dies without the need to fabricate a completely new die. 
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Abstract. This paper provides an analysis of the Rigid Body Motion (RBM) in multi-stage Single 
Point Incremental Forming of a cylindrical cup. The RBM is studied using Digital Image 
Correlation to track the material in each contour of the tool, resulting in a better understanding of 
the RBM phenomenon than has been shown in literature. The study shows that the highest Z-
translations of the midpoint of the cone take place in the last contours of each stage, where these 
RBM peaks also increase per stage. An interesting observation is a reverse rigid body motion, 
appearing in the contours close to the end of a stage, right before the sudden drop of the bottom in 
the last contours. This causes flattening of the bottom of the cone and results in a smaller RBM 
per stage for the later forming stages. Additionally, the stepover between two intermediate stages 
has been shown to have an important effect on the stepped features appearing in the bottom, but 
did not have a significant effect on the accuracy of the midpoint of the cone. 
Introduction 
As a flexible sheet metal forming technique, Single Point Incremental Forming (SPIF) shows great 
potential as an alternative for producing small batch sizes and customized parts due to the 
elimination of expensive dies. Additionally, the small plastically deformed zone located in the 
direct vicinity of the contact area between the tool and workpiece results in much higher strains 
and therefore an increased formability compared to conventional processes like deep drawing [1]. 
However, two important challenges remain: the low geometric accuracy due to unwanted 
deformations and the forming limits, that result in failure of the part at certain wall angles. As a 
method of increasing the forming limits of parts produced with SPIF, multi-stage forming can be 
considered [2], as well as dynamic local heating [3]. This paper will focus on the first strategy, 
which allows forming parts with much higher wall angles, but also introduces unwanted 
deformations such as Rigid Body Motion (RBM). In this study, the rigid body motion for forming 
a cylindrical cup in multiple stages will be analyzed. The comparison between different stages will 
be performed by analyzing the difference in depth of the bottom in between two contours, and will 
be addressed as the incremental RBM.  
Rigid Body Motion (RBM) in Multi-stage SPIF 
In the previous paragraph, multi-stage incremental forming has been proposed as one of the 
possibilities for overcoming the forming limits and preventing the part from failure. Despite its 
success in increasing the process limits, multi-stage forming also induces extra unwanted 
deformations, which already showed as stepped features in the bottom of the produced cone when 
multi-stage forming was described by Duflou et al. [2]. These features are induced by forming the 
part in multiple stages, when additional unwanted deformations occur due to the geometrical 
stiffness of the preform in each stage, and take place in the forming direction.  
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 The first attempts on multi-stage forming of a cylinder to increase the maximum achievable 
wall angle limits did not take the unwanted stepped features into account when designing the multi-
stage strategy and intermediate shapes, resulting in large geometrical deviations [2]. Later, 
Malhotra et al. [5] firstly used the term Rigid Body Motion (RBM) to describe these unwanted 
stepped features induced by the multi-stage approach and described analytical formulas to 
calculate the rigid body translation for out-to-in (OI) and in-to-out (IO) toolpath strategies. OI 
toolpaths, where the tool starts close to the backing plate and increases in depth, are commonly 
used in multistage strategies. IO toolpaths on the other hand, start inside the shape and gradually 
move outwards, which results in a different displacement of the material and different 
deformations. Based on their predicted RBM Malhotra et al. proposed a new strategy that 
combines an OI and IO toolpath within one stage, in order to compensate for the predicted rigid 
body translations. With this strategy, they were able to form a 90 degree wall angle cylindrical cup 
with a near flat base. Xu et al. [6] updated these RBM predictions by relating the material constants 
to the blank properties. Lingam et al. [7] analyzed the existing prediction models of Malhotra et 
al. [5] and Xu et al. [6] and included force predictions in their model to take the elastic deflections 
of the tool and sheet during forming into account. Later, Lingam et al. [8] proposed a methodology 
that combines IO and OI stages based on the strains, where the best forming sequence of features 
can be selected and unwanted RBM features are avoided by predicting the rigid body translation. 
Ndip-Agbor et al. [9] on the other hand also studied RBM and came to the conclusion that previous 
studies showed little insight in why RBM occurs and tended to focus mostly on specific cases or 
empirical observations. To compensate for this literature gap, they related the RBM to the 3D 
contact region between tool and sheet and used this as the basis for their RBM predictions. Wu et 
al. [10] proposed a new methodology based on both OI and IO toolpaths together with design rules 
for constructing intermediate stages for a vase shape with the aim of improving thickness 
distributions and reducing RBM. Later, Wu et al. [11] extended their strategy for maximal 
thickness distributions and minimal RBM to a truncated pyramid. Gupta et al. [12] did manage to 
eliminate the RBM for a more complex aerospace component, but needed multiple trials before 
succeeding. 

Despite significant reported research efforts on this topic, no in-depth empirical studies on the 
rigid body translations per individual tool contour (one pass of the tool at a constant depth) have 
been performed. This study aims to investigate the RBM in each stage of forming, by measuring 
the Z-translation between tool contours of the different stages using Digital Image Correlation 
(DIC). This will result in a broader understanding of the RBM phenomenon in multi-stage 
incremental forming. 
Materials and methods 
The studied workpiece shape is a cylindrical cup with a diameter of 142 mm and a depth of 35 
mm, on which two strategies of multi-stage forming are applied. The first forming strategy (Fig. 
1.a) was described by Duflou et al. [2], where intermediate conical shapes with increasing wall 
angles in steps of 10 degrees are formed (Fig. 1.a). The maximum stepover between two 
subsequent stages is not constant and is the largest between stage 1 and 2 with a distance of 9.16 
mm (perpendicular to the tool). In a second strategy (Fig. 1.b), a smaller maximum stepover of 2.5 
mm is considered and kept constant for all stages. This results in 13 shapes, starting from a cone 
with a 50 degrees wall angle up to the desired cylindrical cup of 90 degrees. The multi-stage 
experiments are conducted with a hemispherical tool of 10 mm diameter on a KUKA KR500MT 
robotic arm with a feedrate of 2000 mm/min on 1.5 mm sheets of Aluminum alloy 5754 (AlMg3). 
The sheet is clamped with a circumferential backing plate of  184 mm diameter and Nuto 46 
lubrication oil is applied before forming. A contouring toolpath forms the part with a scallop width 
of 1 mm. This corresponds to a stepdown in the Z-direction of 𝑠𝑠𝑠𝑠 ∗ sin(𝛼𝛼) with 𝑠𝑠𝑠𝑠 the scallop 
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width of 1 mm and 𝛼𝛼 the wall angle. For the first shape of both strategies, a cone of 50 degrees, 
the stepdown corresponds to 0.766 mm.  

The same DIC setup (Fig. 1.c) is used as in [13] with two Mako G-507B Allied Vision cameras 
and Edmund Optics lenses with a focal length of 35 mm. The DC-LEDS together with a concave 
shield ensure diffuse lighting conditions. With the bottom half of the part as the field of view, the 
setup exploits the symmetrical properties of the part to make sure all areas in the region of interest 
(ROI) are visible by both cameras at all times during forming. The speckles are applied by screen 
printing. The DIC images are taken  when the tool is outside the field of view, to eliminate 
capturing the high local elastic deformations around the tool tip. Additional images are taken 
before forming, in order to eliminate noise, and an extra image is taken after finishing a shape and 
retracting the tool. The software used for calculating the correlations is MatchID [14] with an 
update of the reference image in each time step, in order to cope with the high deformations 
induced by the process. After correlating the images in the time and space domain with the 
parameters indicated in Table 1, the coordinate system of each image is transformed to the local 
coordinate system of the workpiece-robot setup as presented in Fig. 1.c.  

Table 1: Correlation parameters. 
Correlation software MatchID 
Subset size [pixels] 39x39 
Step size [pixels] 10 
Correlation algorithm Zero-Normalised Sum of Squared Differences (ZNSSD) 
Interpolation Bicubic Spline Interpolation 
Shape function Quadratic 
Stereo transformation Quadratic 

 

 
Fig. 1: a) Strategy 1, b) strategy 2 and c) DIC setup with (1) a clamped part, (2) the field of 

view, (3) the cameras, (4) the spotlights and (5) a concave shield to diffuse the light. The origin 
of the coordinate system is located in the middle of the (originally flat) sheet, with the X- and Y-
axes as indicated in the figure and the Z-axis pointing opposite to the sheet forming direction.  

Results and Discussion 
The DIC results are compared by calculating the incremental rigid body deformation of the 
midpoint of the cone (located in the unformed bottom) between two subsequent contours of the 
tool. A contour is defined as one pass of the tool at a constant depth level. Each of these contouring 
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tool passes can induce an unwanted rigid body deformation of the bottom of the cone due to the 
geometrical stiffness of a preformed part. The RBM per contour is defined as the difference in Z-
coordinates between the current contour and the previous one and is visible in Fig. 2.a for the first 
strategy and in Fig. 2.c for the second. As can be seen, when forming the first stage starting from 
a flat sheet, the rigid body motion is first upwards (A) due to the bulging of the bottom in the first 
contours. Then, the RBM shows an overshoot downwards (B), which is larger than the stepdown 
in the Z-direction.  

 
Fig. 2. Incremental and cummulative translations of the midpoint of the workpiece, respectively 
left and right. (a, c) Strategy 1 and 2, respectively: incremental Z-translation per contour (full 

line) for the midpoint of the cone and its overal Z-translation per stage (dashed line). (b, d) 
Strategy 1 and 2, respectively: Z coordinates of the midpoint per contour, with the horizontal 

line indicating the desired cone depth.  
The incremental RBM in the first stage is targeted to be equal to the stepdown of 0.766 mm in 

each contour of the first stage and zero in the next stages, to keep the bottom flat. After the initial 
overshoot of the absolute incremental RBM (B), the RBM stays approximately constant for the 
remaining contours in the first stage and corresponds to the stepdown (C). In the second and 
subsequent stages, the RBM is desired to stay zero, in order to avoid further unwanted 
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deformations. However, the stepped unwanted features are mostly formed in the last contours of 
the toolpath for each stage of forming, where the RBM suddenly increases in absolute value (E). 
Right before this RBM peak takes place, a reverse rigid body translation can be observed (D) in 
the later stages. Due to this reverse RBM, the bottom of the cone moves upwards and slightly 
decreases the unwanted deformation by flattening the bottom. Additionally, both the reverse RBM 
and RBM peak in the last contours get higher in absolute value in each multi-stage step. The fact 
that the RBM is reversed and slightly flattens the bottom again, has not been shown in literature 
yet and provides a necessary insight in the mechanics of the RBM.  

The total RBM per stage is also visible in Fig. 2.a and 2.c (dashed line) and decreases in absolute 
value in each stage, except for the last stage, where a slight increase is visible. The highest rigid 
body translations therefore take place in the first stages of the multi-stage approach. As can be 
seen, both the incremental RBM (full line) and total RBM per stage (dashed line) of the second 
strategy are much lower in absolute value than the first strategy. This is due to the smaller stepover 
between two intermediate stages, which lowers the material movement and therefore the rigid body 
translation of the midpoint of the cone per contour. 

The Z-translation of the midpoint of the cone is visible in Fig. 2.b and 2.d for the first and 
second strategy respectively. Here, the reverse RBM and the RBM peak from the previous images 
are also visible. When inspecting the Z-translation of the midpoint of the cone, the final Z-position, 
and therefore total RBM of the multi-stage cone after forming, is for both strategies almost equal 
(-41 mm for Strategy 1 and -40 mm for Strategy 2). This shows that with smaller stepovers between 
subsequent stages, the (incremental) RBM per stage is smaller, but this does not have a significant 
effect on reducing the total (cumulative) RBM after forming.  

Although the total RBM of the midpoint of the cone after forming is almost equal for both 
strategies, Fig. 3 shows that the stepped features are less outspoken for the second strategy, thanks 
to the smaller stepover between two subsequent stages. The most outspoken stepped feature is 
located between the first and second stage of the first strategy, where the maximum stepover is the 
highest. This figure also shows the material trajectory for the two strategies. As can be seen, the 
material moves a little more upward in the second strategy. This strategy is characterized by a 
more horizontal material movement, which, in combination with the smaller stepover, leads to 
higher radial forces, resulting in an upwards lift of the bottom of the cone.  

 
Fig. 3. Material trajectory and final shape after forming compared to the desired cylindrical 

shape for the first (a) and second (b) strategy. 
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Fig. 4 shows the difference between the reverse rigid body translation (D in Fig. 2.a) and the 
regular RBM peak in the last contours of a stage (E in Fig. 2.a). As can be seen, the material 
movement around the tool is directed axially (in the negative Z-direction) in Fig. 4.b, resulting in 
a downwards movement of the bottom of the cone. On the other hand, for the reverse RBM in Fig. 
4.a, the material movement around the tool is directed more towards the walls (in the Y-direction). 
This results in a higher radial force and therefore a movement of the bottom in the positive Z-
direction, due to the geometrical stiffness of the preformed features. An additional observation in 
this figure is the fact that the RBM and reverse RBM are not depending on the wall angles of the 
shape and are constant over the section, except close to the tool-workpiece contact zone. 

 
Fig. 4. (a) Material trajectory and reverse RBM between contours 206 and 207 of the tool (zone 
D) for the first strategy. (b) Material trajectory and peak RBM in the last contours 210-211 of 

the tool (zone E). (c) Close-up of the reverse RBM. 
Conclusion and outlook 
In this paper, an empirical study based on DIC measurements is carried out to analyze the rigid 
body translation per tool contour during multi-stage forming. A first observation is the bulging 
effect in the first contours of the first stage, which is a single-stage approach. Here, the midpoint 
of the cone first starts moving upwards due to the bulging effect in the first contours of the toolpath. 
After a few contours, a large overshoot of the RBM in the negative direction takes place right 
before an equilibrium equal to the stepdown is reached.  

A second observation is visible in the next stages: after a few stages in the multi-stage 
approach, a reverse rigid body motion is visible in the later contours, followed by a sudden drop 
of the bottom of the cone. These effects can be explained by analyzing the tool-workpiece contact 
zone and material trajectory per contour: the RBM is induced by a downwards movement of the 
material in combination with a high geometrical stiffness of the already formed part. The reverse 
RBM on the other hand, appears when the material at the tool tip is mostly undergoing radial 
outward directed loading. Due to a high geometrical stiffness, this radial force induces an upwards 
movement of the already formed bottom part. Both the RBM and the reverse RBM peaks increase 
in each stage of the multi-stage forming, which is due to the shape of the intermediate stages and 
the tool-workpiece contact zone.  

A third observation is the decrease in total absolute RBM per stage, except for the last stage, 
where the stage RBM slightly increases again. This decrease in total absolute RBM per stage might 
seem contradictory, since the absolute incremental RBM in the last contours of the tool increases 
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in each stage. However, the increase in reverse RBM in each stage partly counteracts the effect of 
the RBM increase, which explains the decrease in total RBM per stage.  

A last observation shows that the incremental RBM per contour and per stage is lower for 
strategy 2 with smaller stepovers between two intermediate stages. This can be explained by the 
material movement between two contours, which is smaller for smaller stepovers and therefore 
results in smaller rigid body translations. However, this does not have a significant effect on the 
total accuracy of the midpoint of the cone, since strategy 2 also consists of additional intermediate 
stages. Even though no significant difference in RBM of the midpoint of the cone can be observed, 
the smaller stepover did result in less outspoken stepped features in the bottom. 

This study shows that the RBM indeed appears to be linked to the tool-workpiece contact zone, 
as was assumed in literature, and also reveals a reverse rigid body translation appearing in the later 
stages of a multi-stage approach. Possible future work entails a study on the relationship between 
the incremental RBM and the tool-workpiece contact zone, while also taking into account the 
geometrical stiffness of the part due to previous forming stages. Another aspect for future work 
includes a study of the geometric ratio to increase the robustness for knowledge generalization.  
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Abstract. Hybrid manufacturing is a promising approach which helps to efficiently improve the 
performance of conventional manufacturing processes, just contemporary considering different 
technologies. The suitable combination of Incremental Sheet Forming (ISF) with subtractive or 
additive processes has been already demonstrated in the past as alternative approach to compensate 
excessive thinning or low accuracy of the produced parts. Focusing on the last solution, based on 
the coupled use of ISF and Additive Manufacturing (AM), a new challenge related to the design 
of a robust numerical model able to predict the behavior of the hybrid-material is still open. In this 
paper, this issue has been considered and an experimental-numerical validation is proposed.  
Introduction  
Nowadays the mass customization (MC) is the right technological paradigm that companies have 
to implement as production strategy if they want to be competitive on the market, because it aims 
at providing customized products to consumers in large volumes and at costs reasonably low 
compared to conventional customization processes [1]. Naturally, only in the last twenty years the 
growth of MC became more evident and wider, thanks to the development of advanced 
manufacturing technologies and to the increased demand for diversity in the products’ range. All 
these implied the increasing need of production methods focusing further on the individual [1]. 
During the past years scientific literature offers more technological solutions to implement rapid 
manufacturing strategy useful for mass customization: dieless forming, additive techniques but 
specially their hybridization represents a promising approach [2]. 

Dieless forming is a technique to form sheet metal into three-dimensional shape, firstly 
introduced in 1994 by professor Matsubara [3] and then engineered by AMINO [4].  

As promoted by the founder, the dieless forming is based on the incremental forming principle, 
pursued by a numerical control machine which drive a hemispherical punch along an assigned and 
concentric 3D path. The result of this incremental forming methodology is the three-dimensional 
geometry which reproduce the desired shape without the requirement of additional dedicated and 
expensive equipment. The simplest configuration of this methodology, named Incremental Sheet 
Forming (ISF) requires just a CNC machine and clamping frame for the sheet [5]. The sheet is 
deformed by the punch action but it is also free to move during the repetitive passes, as a 
consequence rigid movement as well undesired springback are the main drawbacks. Nevertheless, 
the flexibility and the readiness of this technological solution is not negligible, thus it is a 
promising alternative for rapid manufacturing.  
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Starting by a completely different way to interpret the part manufacturing, Additive 
Manufacturing (AM) techniques represent the modern solution for any type of industry. Within 
AM family are included all the techniques where objects can be fabricated directly from CAD 
design without tools or specially designed jigs/fixtures and involves minimal human intervention 
[6]. Implementing an AM process, the fabrication of unique parts or products with hollow and 
mould cavities are easily obtainable. Appreciable economic advantages, such as part lightening or 
reduced time to market, can be achieved by replacing conventional manufacturing with AM 
techniques in many applications [7]. Design cycle is shortened by a huge extent owing to which 
products can be quickly brought to market. The application of AM in aerospace sectors showed a 
mass saving exceeding 50% that combined with the reduced batch dimension typically required 
places this technique as the most promising. Naturally, AM has own drawbacks that still today 
penalise the application, such as the long execution time and the total part dimension [7].  

More recently, an innovative approach has been introduced founded on the idea to emphasize 
the impact of the only positive aspects of the manufacturing processes by their integration. More 
specifically, hybrid manufacturing was formally introduced in 2009, when Schuh et al [8] proposed 
the following definition: “hybrid means the combination of processes and machines in order to 
produce parts in a more efficient and productive way” using the ‘‘1 + 1 = 3’’ effect and allowing 
to process materials or shapes which could not be manufactured before or at lower cost.  Existing 
hybrid solutions were summarized in 2014 by Lauwers et al [9], but the development of hybrid 
process is continuously evolving driven by industrial needs of engineered products and by social 
aim of higher energy saving. 

In 2019, Ambrogio et al. [10] introduced the additive-incremental forming by combining the 
high flexibility and high readiness of ISF with the versatility of AM. Specifically, the ISF 
hybridization was promoted pre-treating the blank by AM step with a double aim: for the product 
accuracy, in order to alter the thinning phenomena and increase the sheet rigidity, or for obtaining 
more complex 3D shape characterised by concave profile and undercut. Satisfactory results were 
found but the experimental investigation highlighted an evident weakness in the hybrid process 
calibration. According to this, the present study is based on the design of a numerical model for 
helping the additive-incremental forming set up of multi material blanks. 
Material and method  
The hybrid material model considered is an AISI 304 stainless steel blank thickened locally by an 
AISI 630 stainless steel crown performed by AM. Specifically, the thickening is a 0.4 mm layer 
performed by selective laser sintering (SLS). Thanks to the flexibility of the AM process is possible 
to design and produce tailored blanks without any shape limitation and then, thanks to the 
flexibility of the ISF process is possible to produce the desired parts with improved geometric 
accuracy and/or mechanical performances. The chemical and the mechanical properties are 
reported respectively in Table 1 and Table 2. 
 

Table 1 - Chemical composition of the utilized stainless steels. 

Material [%] C Mn P S Si Cr Ni Other 

AISI 304 0.07 2.0 0.045 0.015 1.0 17-19 8-10 N (<0.11) 

AISI 630 0.07 1.5 0.040 0.030 0.7 15-17 3-5 Cu (3-5) 
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Table 2 - Mechanical properties of the utilized stainless steels. 

Materials 
Hardness 

Vickers 

Young’s 

Modulus 

[GPa] 

Tensile 

Strength Yield 

[MPa] 

Tensile 

Strength Ult. 

[MPa] 

Elong. at 

break % 

AISI 304 205 195 295 660 40 

AISI 630 310 197 869 993 20 

 
The AISI 304 is characterized by a better formability while the AISI 630 is used as a 

reinforcement. The experimental methodology started with a preliminary step performed for 
thickening the blank by the material deposition, layer by layer, with single films of thickness 40 
μm. A sintering laser system printer was adopted and a circular and homogeneous ring was 
overlapped on the blank. The total thickness of the sintered material is equal to 0.4 mm. 
Specifically, the sheet is characterized by a side of 180 mm and a thickness of 1.1 mm, while the 
circular crown is characterized by an internal and external diameter of 70 mm and 140 mm, 
respectively. Fig. 1 shows the back-side view of the manufactured part in the working area of 140 
mm x 140 mm.   
 

 
Fig. 1 - Back-side view of the reinforced sheet. 

After this preliminary phase, a truncated cone with a base diameter of 70 mm, a slope angle of 
50°, and a final height of 30 mm was manufactured by ISF. Three replications were performed by 
imposing the following parameters during ISF: tool diameter of 12 mm, depth step of 0.5 mm, tool 
rotation of 300 rpm, and feed rate of 2000 mm/min. 

Finally, after the manufacturing phase, the obtained parts were postprocessed and scanned by a 
MINOLTA laser system in order to catch the geometrical accuracy. Specifically, to remark the 
suitability of the ISF hybridization the same geometry was also performed by the conventional 
approach and working on the simple material blank. 
Numerical model  
A numerical model (Fig. 2) with the commercial software Abaqus was developed to model the 
behavior of a multi-material sheet formed with the hybrid additive-ISF process. According to the 
experimental background, the numerical model on hybrid material considered an AISI 304 
stainless steel blank thickened locally by an AISI 630 stainless steel. A linear hardening 
elastoplastic behavior was considered based on the mechanical properties reported in Table 2. The 
tool was modeled as rigid body with R3D4 and R3D3 shell rigid elements and the blank, composed 
of two different bodies, as a shell deformable body with S4R shell elements with 5 integration 
points along the thickness direction. A surface-to-surface finite-sliding contact model was used to 
the define the contact between the tool and the blank. The friction between the tool and the blanks 
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was modelled according to the Coulomb’s formulation considering a coefficient of 0.1. The 
periphery of the blank was pinned and the tool path was generated with a CAD/CAM software. 
The connection between the base blank and the sintered layer was modelled considering a fully 
constrained contact behavior. A tie constrain was employed to model the permanent bond of the 
circular crown on the base blank to obtain no relative motion between them. This constraint assume 
an ideal bond and it prevents the separating or relative sliding between the nodes of the tie 
constrained surfaces.  

 
Fig. 2 - Lateral view of the simulation setup. 

The numerical problem was solved with the explicit solver to evaluate the final profile and 
thickness. A semi-automatic mass scaling was employed with a target time increment equal to 2e-
6 s. Fig. 3 depicts the modelled simulation assembly considering only the working area of 140 mm 
x 140 mm: 

a) b)  
Fig. 3 - Front view (a) and Backside view (b) of the simulation setup. 

Subsequently, a second step was simulated after the forming phase removing the tool and the 
boundary conditions to consider the spring back-effect. After to the model tuning, each simulation 
lasted 550 min running on an Intel Xeon W-2175 CPU.  
Discussion of the results 
This section deals with a comparison between the section profile of the truncated cone in terms of 
deviation from the ideal profile. In this way, the first experimental result was obtained comparing 
the sections along the part transversal section. As highlighted in Fig. 4 the hybrid and multi-
material approach enhances the part accuracy. 
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Fig. 4 Comparison along the transversal section between parts obtained by conventional ISF 

(i.e. no crown) and hybrid additive-incremental forming (i.e. crown). 
Fig. 5 shows the results obtained with the circular crown while Fig. 6 without reinforcement. 

These results show that the developed model could be effectively used to predict the final shape 
of the manufactured parts even in the case of tailored blanks via AM technique. Although slight 
difference between numerical and experimental result, due for example at the deformation during 
the cutting of the sample, or due to the resolution of the 3D laser scanning system, an improvement 
is obtained with the addition of the circular crow, as expected from the previous experimental 
investigation [10].  

 
Fig. 5 - Section profile of the truncated cone with circular crown. 

 
Fig. 6 - Section profile of the truncated cone without circular crown. 

Other than what is shown Fig. 5, the deviation between numerical and experimental results in 
Fig. 6 is mainly due to the pinned boundary condition, since alone the working area is modelled. 
In the experimental results there is the stringback effect of the clamped zone which was not 
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modelled. This emphasizes the beneficial effect of the reinforcement which improves the clamping 
condition of the blank, and which approaches the ideal condition of the numerical model. 
Summary 
In the present work, a simplified numerical model is proposed with the aim to develop a tool able 
to predict the final shape of a hybrid manufacturing process obtained combining ISF and AM. 
Incremental forming, in fact, is not yet a consolidated industrial process due to some drawbacks 
which reduce its suitability. Among them, accuracy is probably one of the most critical. The use 
of hybrid ISF-AM process may reduce substantially the final shape inaccuracy, but a proper design 
of the added volume has to be carried out, thus a robust numerical tool is strictly required. 

In this paper the tailored blank has been simulated by Abaqus and a significant improvement of 
the final accuracy has been predicted. 

As the future work, this approach will be further developed by means of cohesive elements to 
tune and experimental outcomes, in order to assess the process feasibility also avoiding any 
breaking on the interface between different materials.  
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Abstract. Mechanical joining processes have gained extensive importance in recent years. In 
contrast to temperature-based processes, mechanical joining approaches allow the joining of 
dissimilar materials such as steel and aluminum. What most of the processes have in common is 
that they are often designed for a specific combination of materials and sheet thicknesses. 
Consequently, the versatility of these processes is limited. This article will therefore provide an 
overview of four innovative manufacturing processes, which allow a higher adaptability than 
conventional mechanical joining processes. In this context, the basic strategies, their applications 
as well as their advantages and limitations are presented. The contribution closes with a 
summarizing evaluation and an outlook. 
Introduction 
In many industrial sectors, there is a trend towards lightweight construction and the reduction of 
CO2 emissions [1]. One of the most important strategic approaches is the targeted combination of 
lightweight materials such as high-strength steel, aluminum and fiber-reinforced plastics. A major 
challenge, however, is the selection of a suitable joining technique. Due to the different melting 
points, it is often not possible to use thermally based processes [2]. Therefore, mechanical joining 
methods have gained extensive importance in recent years. In addition to approaches such as cold 
welding, self-pierce riveting, mechanical clinching and joining by forming in particular have a 
great potential for technological application [3]. Thereby, it has already been shown in the past 
that these methods are suitable for joining high-strength steels with aluminum [4]. Groche et al 
also show the great potential of the technologies, but point out that the influencing variables and 
process limits are not yet fully understood and it is therefore difficult to predict the final properties 
[5]. Nonetheless, these processes can be used to achieve highly productive joining processes, 
which are particularly important for automotive engineering [6]. Due to the different requirements, 
there are currently a large number of different process variants, which are compared, for example, 
in terms of their application possibilities [7]. To address these challenges, in the following four 
innovative processes are presented and evaluated, which allow an increase in the versatility.  
Mechanical joining without auxiliary elements 
Mechanical joining without auxiliary elements is a joining process consisting of a two-stage 
process in which pin structures, produced by forward extrusion from the sheet metal plane are used 
to join dissimilar materials. This process has proven to be suitable to join materials such as high-
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strength steel and aluminum [8], as well as steel and fibre-reinforced plastics. Pin structures are 
already used to increase the strength of metal/fibre reinforced plastic joints. However, often 
forming processes are not used to manufacture these pins. Instead, manufacturing processes such 
as powder bed fusion, direct energy deposition or moulding processes are used. Cold extrusion has 
several advantages compared to these processes. On the one hand, the pin structures have a high 
strength due to the strain hardening during the extrusion process and, on the other hand, the process 
can be integrated into existing manufacturing processes with additional weight savings as no 
auxiliary part is necessary. The two-stage process consists of the pin extrusion from the sheet metal 
plane and the subsequent joining process, whereby two different process routes are used, the direct 
pin pressing and the caulking. In the former, the extruded pin is pressed into an unperforated 
joining partner and forms an undercut due to the compression within the joining partner. In the 
latter, the pin structure is inserted through a pre-punched joining partner and thus the pin head is 
upset. 

In the first step, the pin must be formed by extrusion from the sheet metal plane. This process 
requires a multi-acting tool in which the blank holder and punch can be controlled independently. 
The blank holder prevents the sheet from bulging during cold extrusion and reduces the amount of 
radial material flow. First, the blank holder pressure is applied, followed by an axial punch 
movement. The punch penetrates the sheet and displaces the material both axially downwards into 
the die cavity and laterally outwards into the sheet metal plane limited by a mechanical stop. The 
punch penetration depth thereby regulates the displaced material and consequently the pin height. 

Figure 1: Schematic illustration of the cold extrusion process according to [9]  
Furthermore, due to the higher plastic deformation of the material at a higher punch penetration 

depth, the strain hardening of the material increases, which has an influence on the mechanical 
properties of the pin and thus on the subsequent joint. For the same reason, the ratio of the punch 
cross-sectional area to the cross-sectional area of the pin structure also influences the strength of 
the pin structure. The pin structures are used in the subsequent step for joining using caulking or 
direct pin pressing (Fig. 1) [9]. Depending on the joining strategy, different pin heights are 
required, since caulking requires a pin height that is higher than the initial sheet thickness of the 
joining partner. With direct pin pressing, pin heights can be used that are both smaller and larger 
than the sheet thickness. However, the pin height plays a crucial role in the formation of the 
undercut, which is particularly important for the cross tension strength and prevents the joint from 
unbuttoning under shear loads. Fig. 1b) schematically shows the process sequence for caulking. 
The pin structure is placed in the pre-punched joining partner and placed between conventional 
upsetting tools. The punch indentation, which occurs during pin forming, needs to be supported to 
prevent damage or bending back of the pin. Subsequently, the upper upsetting track moves axially 
and upsets the pin, which results in a radial material flow and the pin initially expands in the head 
area. This creates an undercut and a therefore a form-fit connection. With direct pin pressing, 
shown in Fig. 1a), no pre-punched joining partner is required. Here, the punch indentation is first 
supported and the component is then placed between conventional upsetting tools. The joining 
partner is subsequently placed over the pin structure, followed by an axial movement of the upper 
upsetting tool downwards, causing the pin to penetrate the joining partner which displaces the 
material axially upwards. Due to the joining operation and the penetration of the pin into the 
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joining partner, the pin is upset, whereby the pin creates an undercut. The greater the initial pin 
height, the more the pin is compressed, which has a positive effect on the cross tension strength. 
When considering connections in which continuous fibre-reinforced thermoplastics (CFRT) are 
used as joining partners, the general joining process changes depending on the joining strategy. In 
this case, particular attention must be paid to the fibre-friendly insertion of the pin. Therefore, 
when using fibre-reinforced plastics with a thermoplastic matrix for caulking, the joining partner 
is first heated locally to improve the fibre movability and is subsequently pierced with a mandrel. 
In contrast to drilling, this significantly reduces fibre damage, which has a positive effect on 
strength. Subsequently, the pin is inserted through the perforated joining partner and upset, 
analogous to the caulking of metal/metal joints. When metal pin structures are pressed directly into 
CFRTs, the matrix is also first heated thermally to increase the movability of the fibres. Different 
heating strategies such as infrared radiation, vibration or ultrasound can be used for heating. In this 
way, the fibres should rearrange around the pin structures and avoid pre-damage which could 
reduce the load capacity of the joint. In [10], fibre orientation mechanisms were investigated using 
different pin diameters and head geometries when joining metal pins with CFRTs using direct pin 
pressing. The pin structure is then pressed into the heated matrix and the joint is reconsolidated 
and cooled under pressure to fill the void zones created by the pressing process with matrix and 
fibers. 
Joining with adaptive friction elements 
Joining with adaptive friction elements is a process for the positive and non-positive joining of 
sheet metal semi-finished products. Individually manufactured friction elements as auxiliary 
joining parts allow the joint to be modified in terms of dimensions as well as geometric and 
mechanical properties. The joining process considered here is divided into two sub steps (Fig. 2a). 

 
Figure 2: Production of adaptive friction elements/auxiliary joining part 

First, the auxiliary joining part is produced. A wire section is set in rotation as the starting 
material. Contact with a tool generates friction and thus heat. This causes the material to be 
plasticized locally in the area of tool engagement. The contour of the shank and the head of the 
auxiliary joining part is formed by appropriate tool movements. Due to the kinematic shape 
generation, a high degree of changeability with regard to geometry and dimensions can be 
achieved. [11] 

Since heat is introduced into the auxiliary joining part by means of friction, temperature profiles 
can be realized, if necessary in combination with cooling processes, which can be used in the sense 
of heat treatment. In this way, the microstructure and thus the mechanical properties of the material 
can be specifically adjusted, for example by martensitic hardening. The temperature control can 
be individually controlled, in particular by feed movements and the speed of the tool or semi-
finished product as well as the use of coolants, which results in a high degree of variability. [12] 

After the auxiliary joining part has been produced, it is fed to the joining point, as shown in 
Fig. 2b). By rotating the auxiliary joining part while the joining partners are stationary, an opening 
can be made in the joining partners as required to produce the joint, comparable to flow drilling. 
In this way, pre-punched or pre-hole-free sheet-metal semi-finished products can be joined. The 
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rotating auxiliary joining part then comes into contact with a stationary die, so that heat is 
generated by local friction and plasticizes the lower area of the auxiliary joining part. Due to the 
now high forming capacity, an undercut can be formed by axial repositioning so that a form-fit 
joint is produced. The high variability of the joining technology described here results in particular 
from the individual design of the auxiliary joining parts. Wire-shaped semi-finished products made 
of various metallic materials with different diameters can be used. Furthermore, dimensions and 
geometry of the auxiliary joining part can be individually adapted by kinematic shape generation. 
The mechanical properties of the auxiliary joining part are determined by the range of materials 
that can be used, which can be further modified by individual thermal or thermomechanical 
treatments. Appropriately, customized auxiliary joining parts are suitable for covering a wide 
range of joining points. Thanks to an adjustable auxiliary joining part length, sheet metals of 
different thicknesses (t = 1-6 mm) made of numerous materials can be joined in any sequence, 
without any preferred direction, with positive locking and in some cases also with frictional 
locking. Pre-piercing of the semi-finished products can be largely dispensed, especially if  
hardened auxiliary joining parts are used. At present, however, accessibility of the joint on both 
sides is required. The load-bearing capacity of the joint can be specifically influenced in particular 
by the diameter, the head or undercut geometry and the strength of the auxiliary joining parts used. 
Versatile self-piercing riveting (V-SPR) 
Due to its high load-bearing capacities, a wide range of application and high process robustness, 
semi-tubular self-piercing riveting, which is also one of the mechanical joining processes, is being 
frequently used [13]. However, the increasing number of material-thickness combinations and the 
current rigidly designed tool systems, result in the need for a large number of rivet-die 
combinations to fulfil the different joining tasks [14]. In order to increase process efficiency and 
effectiveness, new versatile joining strategies are required, which can react to the changes 
mentioned above. One possibility to achieve this versatility is based on combining a new joining 
system technology with increased punch-sided tool actuator technology with multi-range capable 
semi-tubular self-pierce riveting which was presented by [15] and shown in Fig. 3a).  

 
Figure 3: Process sequence for the versatile self-piercing riveting process 

The joining system presented enables a joining process (inner punch) and a forming process 
(outer punch) to be carried out by means of independently controllable punch movements. The 
forming process is required in order to adapt the rivet to the respective sheet thickness combination. 
This can be done in two different ways: With and without rivet head forming. If a rivet with head 
forming is used, the protrusion of the rivet head is formed to the respective sheet thickness. The 
punch-sided material is formed into annular ring grooves which are located in the head area of the 
rivet, if a rivet without head forming is used. Both rivet concepts are presented in Fig. 3a). The 
feasibility of the new mechanical joining process was evaluated using a previously validated 
numerical axisymmetric 2D-substitute model, which focused the rivet head formation [16]. 
Therefore, only the upper part of the joint consisting of the punch-sided sheet and the rivet head is 
modeled. Subsequently, the two rivet concepts were tested with different punch-sided sheet 
thicknesses (1.0 mm and 2.0 mm) in order to verify their adaptability to changed boundary 
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conditions (Fig. 3b)). Both rivet concepts enabled the formation of the joint for both thicknesses. 
However, the simulations also showed that the rivet with head deformation leads to an increased 
stress concentration in the head area.  
Tumbling self-piercing riveting process 
An industrially often used joining process is the semi-tubular self-piercing riveting, which is 
characterized by a very robust design with short process times. However, the joining process is 
also comparatively rigid and the tools used can only adapt to the process to a very limited extent 
in order to be able to react to disturbances and process variables [2]. A forming process with a 
large number of degrees of freedom and a great potential for increasing process control is tumbling. 
The bulk metal forming process is characterized by a tumbling punch with a conical shape that 
tilts out of the tool axis. This tilting causes a reduction of the contact area between the punch and 
the workpiece and can be used to intentionally control the material flow. One parameter of the 
tumbling strategy is the tumbling angle. It causes a reduction of the contact area with increasing 
angle and thus a lower required forming force [17]. Another component is the kinematic with 
which the tumbling punch is positioned on the rivet head [18]. This can be applied in the form of 
a circle, a spiral, by radial tilting and as multi-blade kinematics. The different kinematic models 
are characterized by a varying material flow in the forming operation and thus it can be used in a 
specific pattern. In addition, the number of revolutions, the ramp-up phases until the maximum 
tumbling angle is reached and the rotational or linear speed of the tumbling punch can be adapted 
[19]. The integrated tumbling process into the self-piercing riveting process allows an increased 
degree of reaction to process and disturbance variables and the production of tailored joints shown 
in Fig. 4.  

 
Figure 4: Schematic tumbling self-piercing riveting and influence of varying tumbling angles 
The combination makes it possible to combine the advantages of the two processes and to 

expand the process window. The increased number of process parameters in a tumbling riveting 
process can be used to react to influences such as varying mechanical and geometric properties 
with targeted material flow control. Furthermore, a freely configurable tumbling strategy enables 
an in-situ adaptation of the process route, which makes it possible to react during the joining [19]. 
Discussion and evaluation of versatility in innovative joining processes 
The innovative joining processes shown previously are characterized by individual features in the 
process design. They provide varying potentials for extending the possibilities of influence before 
or during the joining process to increase the versatility. The investigations show that the versatility 
is achieved on different process levels and thus different approaches for applications are feasible. 
A distinction can first be made according to the process stage. In the pin joining, friction element 
joining and versatile self-piercing riveting processes, an adaptation to the joining task is performed 
in an earlier process stage. The versatility of pin joining for metal/metal connections arises in 
particular in the first process stage, the extrusion of the pin structures. Here, by varying the process 
parameters and boundary conditions, it is possible to directly influence, the subsequent mechanical 
joint properties and, in addition, the joinability of the pin joints. Thus, by adjusting the pin height, 
it is possible to adapt to variations in sheet thickness and changed joining partner properties, and 
also to react to the mechanical requirements of the joint by adjusting the number of pins. 
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Investigations of the influences of the process parameters have shown that the pin height can be 
directly influenced by varying different process variables [1]. Experimental investigations in [6] 
on the influence of different pin heights on the joint properties under shear load have shown that 
due to the increasing strain hardening during the extrusion process, the strength of the pin 
structures increases with the pin height and, analogously, the strength of the joint itself. The 
maximum load capacity of the joint depends directly on the diameter of the pin structure. However, 
it was shown based on investigations on different pin geometries with different pin cross-sections 
that under otherwise identical process conditions, a smaller pin cross-section in relation to the 
forming punch has a higher shear strength in relation to the cross-section compared to a pin with 
a larger cross-section. This shows that an increased flow resistance into the die or deformation 
resistance due to a reduced pin cross-section leads to an increase in strain hardening, especially in 
the pin base, where a metal/metal pin connection usually fails under shear load. These 
investigations show that an increase in the versatility of pin joining is achieved by the extrusion 
process. The individual adaptation of the extruded pin structures enables an extended range of 
possible joining applications.  

Joining with adaptive friction elements also includes a preceding process stage. The high 
variability of the joining process is in particular due to the individual design of the auxiliary joining 
elements used. Wire-shaped semi-finished products made of various metallic materials (e.g. 
aluminum, steel) with different diameters (currently 5-14 mm) can be used for these. Furthermore, 
dimensions and geometry of the auxiliary joining part can be individually adapted by kinematic 
shape generation (diameter 3-12 mm, length 4-15 mm, head shape, etc.). The range of materials 
that can be applied, which can be further modified by individual thermal or thermomechanical 
treatments determines the mechanical properties of the auxiliary joining part. Appropriately, 
customized auxiliary joining parts are suitable for covering a wide range of joining points. Thanks 
to an adjustable auxiliary joining part length, sheet-metal semi-finished products of different 
thicknesses (t = 1-6 mm) made of numerous materials can be joined in any sequence, i.e. without 
a preferred direction, with positive locking and in some cases also with frictional locking. Thus, 
as in pin joining, the increase in versatility is achieved by adapting geometric or mechanical 
properties of the joining component. Pre-piercing of the semi-finished products can be largely 
dispensed with, especially if (in-process) hardened auxiliary joining parts are used. The load-
bearing capacity of the joint can be specifically influenced in particular by the diameter, the head 
or undercut geometry and the strength of the auxiliary joining parts used. There are characteristic 
similarities to pin joining as well, with direct pin pressing and caulking with a pre-hole in the 
joining partner.  

In semi-tubular self-piercing riveting, the versatility can also be increased by a geometric 
adaptation of the auxiliary joining elements. However, the auxiliary joining part is not adapted 
individually for the joint, but the spectrum of joining capabilities is enlarged by targeted 
adaptations of the geometry. In addition to the adaptation of the geometries of the joining 
components, an increase in the versatility is achieved by extending the influence from the process 
control side. The tool design is modified and the number of process parameters is increased by 
integrating additional sensors and actuators. With a targeted adjustment of these parameters, the 
material flow can be controlled and it is possible to react to disturbance variables. In the case of 
versatile semi-tubular self-piercing riveting, process-side control is provided not only by the 
adapted rivet geometry, but also by the internal and external punches. By adapting the process 
route, influence can be exerted on the resulting geometric joint formation and the joining range of 
multi-material systems can be extended [17]. The investigations show an influence of the tumbling 
strategy on individual characteristic features of the joint. The influence of the tumbling kinematics 
on the joining process is further investigated in [18], which shows a decrease of the joining forces 
with increasing tumbling angle. For the kinematic models applied, it can be stated that a more 
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gradual adjustment of the tumbling angle causes the force-displacement curves to increase more 
uniformly. As a further process parameter, the tumbling velocity is investigated in [19] in the form 
of the rotation speed of the tumbling punch for a circular and spiral kinematics. The results show 
a uniform formation of the rivet head end positions with increasing rotation speed. Overall, the 
findings show that the process combination consisting of a self-piercing riveting process 
superimposed by tumbling kinematics can increase the possibilities for influencing the process. 
By adapting the tumbling strategy, the characteristic features relevant for the joint can be 
specifically controlled and adapted to the joint to be manufactured. The resulting increased 
material flow control can thus be applied to expand the range of feasible joints and significantly 
increase the adaptability of the process. 

Two superordinate approaches to increase versatility can be identified in innovative joining 
processes. On the one hand, a wider range of joining tasks can be achieved through the targeted 
and individual adaptation of geometric and mechanical properties of the joining components. 
However, a further distinction must be made here whether the joining components are individually 
adapted for each joining task, as in pin joining and friction element joining, or whether the possible 
forming operations on the auxiliary joining element are increased, as in the case of versatile semi-
tubular self-piercing riveting. On the other hand, the joining process itself can be influenced by 
the targeted control of adapted tool systems.   
Summary and Outlook 
In the context of the investigations, it was shown that it is possible to react to fluctuations in the 
process with the help of versatile joining processes. This is demonstrated by the three processes 
presented: mechanical joining without auxiliary elements, joining with adaptive friction elements, 
versatile and tumbling self-piercing riveting. The results of the investigations show the different 
characteristics of the versatility of the individual processes. It is demonstrated how the versatility 
is achieved and how it can be applied in the manufacture of the joints. For joining with pin 
structures, the versatility is particularly in the manufacturing process of the pins. By specifically 
controlling the geometry and mechanical properties of the pins, the joining spectrum can be 
expanded. Joining with adaptive friction elements is characterized by the individual design of the 
auxiliary joining parts. Thus, as with pin joining, the adaptability of the joining technology is also 
extended for this joining process in an earlier process stage. The same is applied to the use of 
adapted rivet geometries in versatile semi-tubular self-piercing riveting. Here, however, the 
influence on the process is additionally increased by a special tool design. In tumbling semi-tubular 
self-pierce riveting, the versatility is increased during the joining process by targeted control of the 
material flow. In future investigations, this adaptability is to be increased even further. In this 
context, for example, the development of real-time capable models appears to be of great interest 
in order to enable in-situ control of the joining processes. Furthermore, the analysis of joining 
technologies under industrial conditions appears to be of significant importance. On the one hand, 
it should be analyzed how the mass of the tools can be reduced in order to be able to use them in 
combination with an automated robotic system. On the other hand, it should be investigated how 
the production time can be reduced. Finally, the application properties with regard to corrosion 
and fatigue strength must be assessed. 
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Abstract. Lightweight design is increasingly used to combine the specific advantages of various 
dissimilar materials into multi-material systems. The aim is to make production more resource-
efficient and reduce emissions. However, one challenge in the adaptation of multi-material systems 
is the lack of versatile joining technologies capable of joining these materials. Joining with cold 
formed pins is a two-step process with potential in joining metal to metal and metal to fibre-
reinforced plastics (FRP). These pins can be joined using two joining strategies, direct pin pressing 
into an unperforated joining partner and caulking of pins, which are inserted through a pre-punched 
joining partner. For pin pressing, several studies have already been carried out regarding joinability 
of steel and aluminium, but caulking offers advantages such as a reduced joining force and the fact 
that the pin can transmit force over the entire sheet thickness of the joining partner, which can lead 
to increased strength under axial load. Therefore, the caulking of pins extruded from dual-phase 
steel with a 6000 aluminium alloy is investigated. The focus is on a fundamental investigation of 
the joining process and the joint formation when caulking pins of varying heights with sheets of 
different thicknesses. Subsequently, a process window is derived from these findings. 
Introduction 
Resource-efficient production and energy and emission savings in as many areas as possible are 
more relevant than ever in times of energy scarcity and climate change. This can also be seen in 
the transport sector, which accounts for around 26 % [1] of emissions in Europe. Here, lightweight 
design is increasingly being used, in which the specific advantages of different materials can be 
integrated into a single component. High-strength materials such as steel and aluminium as well 
as fibre-reinforced plastics (FRP) are often used, which are joined to form multi-material systems. 
However, this requires new versatile joining processes, since conventional joining processes tend 
to reach their process limits when joining these dissimilar materials. For this purpose, research is 
being conducted into various mechanical joining processes [2]. Joining with pin structures has 
potential in the area of joining dissimilar materials and is already being used in metal/FRP joints 
to increase the load-bearing capacity of bonded joints [3]. For the production of pins, processes 
such as additive manufacturing [4] or welding processes such as cold metal transfer [5] are used. 
However, there are also efforts to produce pins by forming processes, due to their good surface, 
strength and the possibility of integrating the process into existing process chains. Joining with 
cold-formed pin structures from the sheet metal plane is a new process that has already 
demonstrated its potential for joining steel/aluminium [6] and steel and fibre-reinforced plastics 
[7]. This method is a two-stage process, in which mostly cylindrical pins are first extruded from 
the sheet metal plane and used for joining in the next step. There are already studies on direct pin 
pressing, in which the pins are pressed into an unperforated joining partner after extrusion [6], 
causing the pin to be compressed inside the joining partner forming an undercut and thus leading 
to a form-fit and force-fit connection. Another joining strategy that can be used with extruded pins 
is caulking, in which the pin is inserted through a pre-punched joining partner and is upset at the 
pin head to form an undercut and a form-fit and force-fit joint. Compared with direct press-fitting, 
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the force required for joining is reduced and, in addition, the pin can transmit force over the entire 
sheet thickness. At present, however, there are only a few papers dealing with joining by caulking. 
For this reason, caulking as a joining strategy for joining metallic pins with aluminium is 
investigated in this work. Different pin heights are used and caulked with the aluminium with three 
different sheet thicknesses. First, the joining process and then the joint formation will be 
investigated. Subsequently, a process window for the joining strategy is derived based on the 
results. 
Methods and Materials 
Materials. For pin extrusion, a dual phase steel HCT590X+Z (DP600), often used for structural 
parts in car body construction [8], with an initial sheet thickness t0 = 1.5 mm is used. For the joint 
formation investigation specimens with a size of 45 x 45 mm2 were used. The sheet material for 
the joining partner is a precipitation hardening aluminium silicon magnesium alloy of the 6000 
series EN AW-6014-T4 with three different sheet thicknesses of 1.0 mm, 1.5 mm and 2.0 mm. 

Cold forming of pin structures. The pin extrusion process is a sheet bulk metal forming process 
that uses a multi-acting tool design enabling a blank holder and a punch to be controlled 
independently. The process principle and important process parameters are shown in Fig. 1. The 
feasibility of the process to extrude cylindrical pins from the sheet metal plane was shown by 
Hirota [9] and Ghassemali [10]. The process used in this work begins with the application of the 
blank holder force, to prevent sheet bulging during pin extrusion and to reduce the radial flow of 
material into the sheet metal plane. Once the force is applied, the punch with a diameter dP = 3 mm 
moves axially downwards with a constant speed of v = 5 mm/min and penetrates the sheet with a 
sheet thickness t0 = 1.5 mm, whereas the forming work is carried out by a hydraulic cylinder. Due 
to the plastic deformation initiated by the punch, material is displaced axially downwards into the 
die as well as laterally outwards into the sheet plane and laterally inwards into the die with a 
diameter dD = 1.5 mm. Dionol ST V 1725-2 was used for lubrication during pin extrusion. The 
punch penetration depth s and thus the pin height h is limited by mechanical stops with which the 
punch comes into contact as soon as the forming process is finished. Subsequently, the punch and 
blank holder move axially upwards and the specimen is ejected. 

 
Pin extrusion - Process parameters 

Punch diameter dP (mm)  3  
Punch speed vP (mm/min)  5  
Blank holder pressure σBH (MPa)  280 
Die diameter for forming dD (mm)  1.5  
Sheet thickness t0 DP 600 (mm) 1.5 

Fig. 1: Illustration of the pin extrusion process according to [6] and relevant process 
parameters  

Joining by forming - pin caulking. For the joining of the extruded pins, caulking is investigated 
within the scope of this work, where a perforated joining partner is used. The hole is drilled using 
a 1.5 mm drill bit. The pin is subsequently positioned between two upsetting tools and the punch 
cavity is supported with sheet metal discs to prevent damage or a bending back of the pin during 
the joining process. The drilled joining partner is then positioned over the pin. In the next step, the 
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upper upsetting tool moves axially downwards until a pre-force of 20 N is reached. As soon as the 
initial force is achieved, the upsetting tool moves downwards at a constant speed of 5 mm/min and 
upsets the pin until a maximum force threshold of 8 kN is reached. The pin is upset until it is flush 
with the sheet metal surface of the joining partner and the upsetting tool has full-surface contact 
with the joining partner. This results in a steep linear increase in force, as the joining system is 
elastically deformed. This increase in force thus defines the end of the joining process. An 
illustration of the process is shown in Fig. 2. Within this work, pins with different heights, listed 
in Fig. 2, were examined with regard to their suitability for joining EN AW-6014-T4 with different 
sheet thicknesses (1.0 mm, 1.5 mm, 2.0 mm). Here, the process requires that the pin has a greater 
height than the sheet thickness being joined. The configurations investigated are listed in Fig. 2. 
For the joint characterisation micrographs of the different joints were used and three different 
geometric properties were measured. The pin head diameter, the pin base diameter and the 
undercut, which was calculated by averaging the left and the right undercut (c.f. Fig. 2) 

 
Pin caulking-Process parameters  Investigated configurations 

Joining speed (mm/min) 5  Pin height 
(mm)  1.50 1.75 2.00 2.25 2.50 2.75 3.00 Sheet thickness t0 EN 

AW-6014-T4 (mm) 1.0, 1.5, 2.0  
Sheet 

thickness 
Al (mm) 

1.0 x x x x x x x 
Max. joining force (kN) 8  1.5 - x x x x x x 
Drill diameter (mm) 1.5  2.0 - - - x x x x 
Fig. 2: Schematic illustration as well as parameters of the caulking process and investigated pin 

height/sheet thickness configurations 
Results 
Pin caulking. In the following, the pin caulking joining strategy with cold extruded pins will be 
discussed in more detail. Similar to the alternative joining strategy of direct pin pressing [6], 
caulking can also be divided into 3 phases. Fig. 3a shows an example of a force-displacement 
curve of a pin made of DP600 with a height of 1.75 mm, which was caulked with an aluminium 
sheet with a thickness of 1.0 mm. Here, the 3 phases of the process have been illustrated.  

 
Fig. 3: Pin caulking force-displacement curves. (a) Exemplary curve with the different joining 
phases (b) Comparison of different pin heights joined with an EN AW 6014-T4 (t0 = 1.0 mm) 
The process begins with a setting process, which can be detected by the non-linear curve. This 

is caused by a curvature of the sheet due to residual stresses in the sheet caused by pin extrusion, 
which is flattened by the force applied by the upper upsetting tool, causing the sheet to rest fully 
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on the surface of the lower tool. Subsequently, a linear increase in force follows due to the elastic 
deformation of the joining system, which consequently transitions to the elastic-plastic 
deformation of the pin, which initiates phase 2 of the process. This is initially characterised by the 
compression of the pin, which can be seen from the continuous slope of the curve. However, it 
cannot be ruled out that the aluminium joining partner is already deformed in this area due to the 
expansion of the pin and thus a superimposed deformation of the pin and the aluminium is present. 
From approx. 0.45 mm, however, an increase in the slope of the curve can be seen. This occurs 
due to the increasing plastic deformation of both joining partners and the fact that the aluminium 
is displaced radially and axially upwards as a result of the upsetting and the expansion of the pin. 
The end of phase 2 can be recognised by the strong increase in force from approx. 0.8 mm. The 
displacement of the upsetting tool corresponds approximately to the difference between the height 
of the sheet and the height of the pin, but deviates slightly from the actual value, especially due to 
the non-linear component at the beginning of the process. At this point, the upper upsetting tool 
increasingly comes into contact with the surface of the aluminium, which levels the joining zone 
and the material, axially pushed up by the pin at the edge of the drill hole, until there is full-surface 
contact. The curve then rises steeply and linearly due to the elastic deformation. The process then 
ends when the predetermined 8 kN are reached, which was chosen to ensure that the force is 
sufficient for upsetting the pin to the surface of the joining partner. In Fig. 3b, the force-
displacement curves for different pin heights are plotted for the 1.0 mm aluminium sheet. Here it 
can be seen that with increasing pin height, the displacement travelled by the upsetting tool in 
phase 2 of the joining process increases to approximately the respective difference between pin 
and sheet thickness and the start of phase 3 begins progressively at a higher force level. This can 
be explained by the increasing pin height and the resulting higher required upsetting ratio of the 
pin. Thus, the strain hardening of the pin and the surrounding material steadily increases and more 
material has to be displaced radially in the sheet plane due to the larger volume of the pin. As a 
result, the slope of the force-displacement curve increases continuously with increasing pin height. 
Examining the configuration with a pin height of 3 mm in Fig. 3b it can be seen that the elastic 
portion of phase 1 of the process shows a discontinuity, which can be attributed to a buckling of 
the pin due to the high ratio of the pin height to diameter of 2.  

Geometric joint characterisation. Examining the corresponding micrographs in Fig. 4 for the 
joints with a sheet thickness of the aluminium of 1.0 mm, the increase in the ratio of upsetting of 
the pins with greater height can be seen in the expanding diameter of the pin head. Due to the axial 
compression of the pin, the joining process results in a radial material flow in the pin caused by 
the resulting biaxial tensile stress state in the pin. Due to the fixed connection of the pin base with 
the sheet, this occurs especially in the region of the pin head, resulting in the formation of a wedge-
shaped pin geometry. The diameter of the pin head increases continuously for the pin height of 
1.5 mm to 3.0 mm, as shown in the micrographs in Fig. 4. However, starting at the pin height of 
2.50 mm a buckling and bending of the pin can be observed, which occurs due to joining 
instabilities resulting from the increasing height and the high upsetting ratio of 60 % for the 
2.50 mm pin. Investigating the measured mean undercut values, with an increase in pin height the 
undercut can be increased by 88.2 % from a value of 0.17 mm for the 1.5 mm pin to a value of 
0.32 mm for a 2.25 mm pin. The undercut further increases up to a value of 0.37 mm for the 3 mm 
pin, however the joint cannot be characterised as “okay”, since the buckling of the pin occurred 
during joining. 
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Geometric joint characteristics (t0 = 1.0 mm) 
Pin height (mm) 1.50 1.75 2.00 2.25 2.50 2.75 3.00 
Pin head diameter (mm)  1.90 2.09 2.16 2.35 2.46 2.64 2.73 
Pin base diameter (mm)  1.56 1.64 1.71 1.73 1.85 1.93 1.99 
Mean undercut (mm) 0.17 0.23 0.22 0.32 0.31 0.36 0.37 
Fig. 4: Micrographs of the caulking joints for different pin heights with a 1.0 mm joining partner 

Investigating the micrographs in Fig. 5 and the corresponding geometric characteristics of the 
joints caulked with the aluminium (t0 = 1.5 mm), it first is obvious that the pin heights used 
compared to the 1.0 mm sheet only start at a height of 1.75 mm. This is attributed to the fact that 
with a pin height lower or at the sheet thickness of the joining partner, no load bearing joint can 
be produced. Furthermore, it can be seen that for the pin height of 1.75 mm an undercut for the pin 
of 0.1 mm could be measured. However, as it can be seen from the micrograph the undercut was 
not sufficient enough to join the two sheets adequately. One reason could be, that the drill hole got 
slightly larger than expected. Additionally, it is possible that the upset pin volume was too small 
to achieve sufficient undercutting. An increase in pin height to 2.00 mm increases the mean 
undercut of the joint by 50 % to a value of 0.15 mm. Further increasing the pin height leads to a 
continuously greater value up to a value of 0.29 mm for the 3.00 mm pin, which amounts to a 
93.3 % increase compared to the 2.00 mm pin. Interestingly, for the joint with a 2.0 mm pin a 
lower undercut was measured compared to the 1.75 mm pin. It can be seen that the pin base 
diameter for the 2.0 mm pin increases by approx. 4.3 % from 1.64 mm to 1.71 mm compared to 
the 1.75 mm pin. A similar increase of 5.1 % can be observed for the 1.50 mm pin to the 1.75 mm 
pin. However, the pin head diameter increases by 10 % compared to only 3 % from the 1.75 mm 
pin to the 2.0 mm pin. Therefore, it can be said that the pin base increases more than the pin head, 
which results in a smaller wedge angle and thus also a smaller undercut. 

 
Geometric joint characteristics (t0 = 1.5 mm) 
Pin height (mm) 1.75 2.00 2.25 2.50 2.75 3.00 
Pin head diameter (mm)  1.68 1.77 1.86 1.91 2.16 2.29 
Pin base diameter (mm)  1.49 1.50 1.53 1.55 1.63 1.70 
Mean undercut (mm) 0.1 0.15 0.17 0.20 0.27 0.29 
Fig. 5: Micrographs of the caulking joints for different pin heights with a 1.5 mm joining partner 

When examining the caulked joints with an aluminium joining partner with a sheet thickness 
of 2.0 mm (c.f. Fig. 6), it can be seen, similar to the sheet thickness of 1.5 mm, that the pin heights 
used only start from 2.25 mm and thus 0.25 mm above the initial sheet thickness. Furthermore, it 
can be seen that the first joint also does not indicate a sufficient undercut. As the pin height 
increases, the pin head diameter and the measured undercut also increase, analogous to the other 
sheet thicknesses. However, the values achieved for the undercuts are lower than the undercuts for 

1.50 mm 1.75 mm 2.00 mm 2.25 mm 2.50 mm 2.75 mm 3.00 mm

1 mm 1 mm 1 mm 1 mm 1 mm 1 mm 1 mm

Pin height

1 mm 1 mm 1 mm 1 mm 1 mm 1 mm

1.75 mm 2.00 mm 2.25 mm 2.50 mm 2.75 mm 3.00 mm
Pin height
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the comparable pin height/sheet thickness combinations due to the higher sheet thickness and the 
resulting lower percentage upsetting of the pins. 

 
Geometric joint characteristics (t0 = 2.0 mm) 
Pin height (mm) 2.25 2.50 2.75 3.00 
Pin head diameter (mm)  1.62 1.75 1.84 1.86 
Pin base diameter (mm)  1.49 1.49 1.51 1.52 
Mean undercut (mm) 0.07 0.14 0.16 0.19 
Fig. 6: Micrographs of the caulking joints for different pin heights with a 2.0 mm joining partner 

For a comparison of the different pin height/sheet thickness configurations, the undercuts for 
the individual sheet thicknesses are plotted in Fig. 7. In addition, the joints are classified as “okay” 
and “not okay”, which indicates whether the joint is load-bearing or whether there is an insufficient 
undercut or a joining instability such as a buckling of the pin. It can be seen that the joint with the 
1.0 mm joining partner achieves a higher undercut with a comparable pin height. If we look at the 
respective joints with a pin height of 2.5 mm, which is present for all three sheet thicknesses, the 
1.0 mm sheet thickness achieves an average undercut of 0.31 mm compared to an undercut of 
0.2 mm (1.5 mm sheet) and 0.14 mm (2.0 mm sheet). This is not surprising, since the pins are 
significantly more compressed with a joining partner with a smaller sheet thickness than with a 
thicker sheet. Here the pin is compressed by 60 % for the 1.0 mm sheet compared to 40 % (1.5 mm 
sheet) and 20 % (2.0 mm sheet). Nevertheless, due to the fact that the compression increases with 
a higher pin, the measured undercuts generally tend to increase with the pin height regardless of 
the sheet thickness of the joining partner. It is also interesting to note that when comparing joints 
with different initial pin heights but the same percentage upsetting, similar undercut values can be 
measured. For example, an undercut of 0.17 mm was measured with a pin height of 1.5 mm 
(1.0 mm sheet metal), an undercut of 0.17 mm with a height of 2.25 mm (1.5 mm sheet metal) and 
an undercut of 0.19 mm with a pin height of 3.0 mm (2.0 mm sheet metal). Thereby, all three pin 
height/sheet thickness configurations showed a percentage upsetting of 33.3 %. 

 
Fig. 7: Comparison of the mean undercut for the investigated joints 

For this reason, the undercut was also normalised to the percentage upsetting of the pin and 
plotted as a dependent of the pin height in Fig. 8. It can be seen that, independent of the sheet 
thickness, similar dependencies of the undercut on the percentage upsetting of the pins with 
varying pin heights result and that these normalised values are at a similar level. Consequently, if 
the average value of the normalised undercuts is calculated, the average undercut per percent pin 
upsetting is 0.0057 ± 0.0007 mm/%, regardless of the pin height or the used sheet thickness of the 
joining partner. Therefore, it can be concluded that the pin height/sheet thickness ratio or the 
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resulting ratio of pin upsetting can be used to influence the joint formation and to adjust the 
undercut. 

 
Fig. 8: Comparison of the undercut values for the different pin height/sheet thickness 

configurations normalised to the percentage upsetting of the respective pin 
Based on the results presented, a process window can accordingly be derived that provides 

information about the joinability of the different sheet thicknesses investigated with different pin 
heights (c.f. Fig. 9). It can be seen that there are overlapping areas between the sheets in terms of 
joinability with the same pin heights, but that no pin height is able to join all three sheets. However, 
one advantage of pin joining is the posibility to react to varying boundary conditions by adjusting 
the pin height. This is also the case with pin caulking. Considering the areas where the joints turned 
out to be "not okay" in the investigations, it can be seen that in the case of caulking, the lower limit 
is initially determined by the sheet thickness of the joining partner, and an additional pin height of 
at least 0.25 mm is necessary to achieve a load-bearing joint. However, it can be assumed that with 
increasing pin height and correspondingly a larger undercut, a higher load-bearing capacity can be 
achieved. In addition, as explained above, with a joining partner sheet thickness of 1.0 mm, a pin 
compression of 60 % or more, which corresponds to a 2.5 mm pin, leads to joining instabilities 
that cause the pin to buckle laterally. This upsetting is not reached with the examined pin heights 
for the other sheet thicknesses, which is why no upper limit can be determined for the sheet 
thicknesses of 1.5 mm and 2.0 mm. However, it can be seen from the micrographs that with 
increasing pin height, the sheet thinning below the pin increases. This can lead to premature failure 
of the joints under load. For this reason, further investigations should be carried out to analyse 
whether and to what extent the sheet thinning has an effect on the joint strength. 

 
Fig. 9: Illustration of the determined process window for the three different sheet thicknesses 

Summary and outlook 
In this contribution, caulking, which has the potential for joining metal/metal and metal/FRP to 
reduce the component weight and therefore energy consumption, was fundamentally investigated 
as an alternative joining strategy to direct pin pressing. The influence of different pin heights/sheet 
thickness combinations on the joint formation and the resulting geometric joint properties was 
analysed. Thereby, an understanding of the joining process could be established. Additionally, it 
was shown that as the pin height increases, an improvement in the undercut occurs, which can be 
influenced by the percentage upsetting of the pin. Furthermore, with a joining partner sheet 
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thickness of 1.0 mm, joining instabilities in the form of buckling pins occurred at a pin 
compression of 60 % or more, which led to joints that had to be classified as not okay. Moreover, 
with the 1.5 mm and 2.0 mm joining partner an additional minimum pin height of 0.25 mm above 
the sheet thickness is necessary to create load-bearing joints. In addition, the large pin heights, 
which are particularly necessary for joining greater sheet thicknesses, show that there is severe 
sheet thinning during pin extrusion, which can have a negative impact on the load-bearing capacity 
of the joint.  

Future investigations should mechanically characterise the presented joints based on the results 
shown here, in order to determine corresponding load-bearing capacities with regard to the 
undercut values measured. Both the shear and axial load capacities should be investigated in order 
to analyse a possible influence of the sheet thinning. 
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Abstract. Hybrid parts consisting of continuous fiber reinforced thermoplastic (CFRT) and steel 
components offer promising potential in lightweight construction. In this approach, the joining 
operation poses the major challenge due to different physical and chemical properties of both 
materials. This paper studies a joining method in which conical pin structures, protruding from the 
surface of the metal component, are inserted into the locally heated CFRT component to create a 
form fitting joint. The aim is to identify and quantify the influence of the parameters pin height 
and pin head diameter on the mechanical performance in single lab shear and cross head normal 
experiments. Based on the results it can be shown, that both an increased pin height and head 
diameter are beneficial under shear load in means of increased maximum load capacity while under 
normal load only an increased head diameter has clear benefits. Those effects are led back to the 
geometrical properties and the resulting stress distributions in the joining area. 
Introduction 
Lightweight construction is a widely applied approach in the transportation sector to achieve 
reductions in fuel consumption and consequent CO2 emissions. Thereby, a substitution of classic 
engineering materials, such as steel and aluminum alloys, with materials with superior weight 
related properties, such as fiber-reinforced polymers, is a common strategy to achieve substantial 
weight savings [1]. Thereby especially continuous fiber reinforced thermoplastics (CFRT) 
combine favorable weight related properties [2] with good processability and uncomplicated 
handling with unlimited shelf-live [3] and allow for functional integration through polymer 
welding and injection molding processes [4]. 

Despite these obvious advantages, CFRTs reach limitations under elevated temperatures in 
which the matrix begins to soften or melt and thus reduces the mechanical stability of the 
composite. Furthermore, under certain conditions like high abrasive wear [5] or under the influence 
of solvents and aggressive media CFRTs can be unsuitable. An approach to address these 
limitations is the use of intelligent hybrid structures where the lightweight CFRT component is 
combined with a metal component where the application exceeds the capabilities of the CFRT 
material. Thereby, the main challenge lies in a durable and cost-efficient joining technology [6]. 
Due to chemical incompatibilities, established joining methods like welding or brazing are not 
applicable [7] and while adhesive bonding is theoretically suitable and also leads to a fiber friendly 
force application into the composite, it oftentimes requires long curing cycles and specific surface 
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pre-treatments [8]. Especially unpolar polymers with low surface energy, like polypropylene (PP) 
require elaborate surface modifications via e.g. plasma treatment to be adhesively joinable [9].  

In the current industrial state of the art, typically mechanical joining via bolts or rivets is 
applied. Consequently, these joining methods are very well described in the literature and can be 
used to create durable joints [10]. However, these joining methods also come with disadvantages: 
first, an auxiliary element is needed which increases weight and costs of the structure. Second, a 
hole forming operation is required, which typically increases the process time and when realized 
via subtractive manufacturing, leads do destruction of load bearing fibers resulting in locally 
increased concentration of forces and weakens the composite. Consequently, a demand for a cost 
efficient, versatile and durable technology for joining CFRTs with metals is required. 

A relatively new joining approach is the use of pin structures, that can be embedded into the 
locally heated CFRT composite as it is shown in [11] with cold formed pin structures while the 
fiber rearrange around the pin structures and thus avoids fiber breakage [12]. Other manufacturing 
technologies for pin structures are powder bed fusion [13], metal injection moulding [14], [15], 
and cold metal transfer welding (CMT) [16], [17]. Fig. 1 shows an example of a pin joint. 

 
Fig. 1 Example of pin joint with pins embedded in composite component 

The influence of the pin geometry on the joint characteristics has been investigated in several 
studies: In [12] the influence of different pin diameters and pin tip shapes on the fiber displacement 
and in [18] on the mechanical performance under shear load has been investigated, while the pins, 
due to a lack of an undercut failed through pin extraction. In [19] it could be shown that a joining 
with undercutting, conical pins is possible leading to good joint strengths under shear and 
especially normal load when compared to cylindrical reference pins. Thereby, the pins have been 
manufactured via a subtractive manufacturing process. That a manufacturing of undercutting, 
conical pin shapes is also possible via a cold forming processes could be shown in [20] which 
makes the conic pin shape a promising pin shape that combines good mechanical properties with 
easy manufacturing via cold forming.  

Despite the above-described findings, a systematic and statistical investigation of different 
parameters of a conic pin shape and its influence on the joint characteristics has not yet been 
presented. Consequently, this study aims at creating an understanding of the influence of the 
parameters pin height and pin head diameter of conic shaped steep pins on the mechanical 
performance under shear and normal load of a CFRT-metal hybrid joint. 
Material and Methods 
Materials. The used CFRT material is a custom fabricated biaxial composite with an E-glass fiber 
reinforcement and a PP matrix. The matrix type is a BJ100HP from Borealis AG (Vienna, Austria) 
which is a special low-viscosity compound specifically for glass fiber reinforced applications. As 
glass fiber component a biaxial non crimp fabric from Saertex GmbH (Saerbeck, Germany) with 
an areal weight of 307 g/m2 in 0° and 90° respectively and an aramide sewing thread with an aerial 
weight of 9 g/m2 resulting in a total areal weight of 623 g/m2. Thereby, the titer of both the 0° and 
90° rovings is relatively low with 300 tex. The resulting thickness of the composite is 2 mm +/- 
0.05 mm with a calculated fiber volume content of approximately 45 %. As a sheet metal a 
HCT590X steel type has been used. In order to be able to investigate a large variation of geometries 
the pins have been manufactured on a CNC lathe from a 42CrMo4 steel round. Subsequent of the 
turning process the pin structures have been joined with the steel component via welding. In future 
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serial manufacturing, it is planned to manufacture the pins via cold forming as it is described in 
[20]. 

Definition of pin and sample geometry. In the scope of this study, two geometry parameters of 
the conical pin have been varied. First, the pin height h is varied between 1.7, 1.8 and 1.9 mm. 
Second the pin head diameter D is varied between 1.4, 1.5 and 1.6 mm. These parameters have 
been fully factorially combined for a total of nine combinations. Furthermore, pins with head 
diameter of 1.7 and 1.8 mm and a height of 1.8 have been manufactured, to determine, if a 
limitation of the head diameter is given above which adverse effects on the fiber reorientation 
occur that negatively impact the mechanical performance of the joint. The pin foot diameter d is 
constant at 1.25 mm as in previous studies, it’s effect on the shear strength of the sample has 
already been investigated [21]. In total, eleven different pin geometries with a sample size of three 
have been investigated (compare Fig. 2 A and Table 1).  

 
Table 1 Summary of investigated geometries 

Name D [mm] h [mm] d [mm] 
D14_h17_d125 1.4 1.7 1.25 
D14_h18_d125 1.4 1.8 1.25 
D14_h19_d125 1.4 1.9 1.25 
D15_h17_d125 1.5 1.7 1.25 
D15_h18_d125 1.5 1.8 1.25 
D15_h19_d125 1.5 1.9 1.25 
D16_h17_d125 1.6 1.7 1.25 
D16_h18_d125 1.6 1.8 1.25 
D16_h19_d125 1.6 1.9 1.25 
D17_h18_d125 1.7 1.8 1.25 
D18_h18_d125 1.8 1.8 1.25 

As samples single lap shear and cross head samples have been manufactured in order to 
investigate load capacity under both shear and normal loads. The samples are according to the 
technical bulletin DVS EFB 3480-1 and the sample dimension can be seen in Fig. 2 section B&C. 
The lap shear specimens have a length of 105 mm and the joining point is located 8 mm from the 
short edge of the sample, resulting in an overlap of 16 mm (compare Fig. 2 B). The width of the 
samples is 45 mm and the resulting length of the joined sample is 194 mm. The cross head 
specimens have a length of 150 mm and a width of 50 mm with clamping holes with a diameter of 
20 mm placed symmetrically with a spacing of 100 mm (compare Fig. 2 C). 

 
Fig. 2 Pin geometry and sample dimensions 

Joining process. The samples have been joined on a custom multi-functional polymer welding 
machine manufactured by KLN Ultraschall AG (Heppenheim, Germany) using short wave 
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infrared radiation emitted from an infrared spot from Optron GmbH (Garbsen, Germany). In order 
to define the irradiated area, a mask with a cylindrical opening with a diameter of 8 mm has been 
used. The heating parameters have been identified in pre trials to a power setting of 67.5 Watts 
and a heating time of 210 s. Thereby, special attention has been paid on avoiding overheating of 
the sample surface while ensuring a complete melting of the matrix through the thickness of the 
sample. After preheating the samples were joined with the pin being pressed into the CFRT 
concentrically with the radiated zone. The joining force is 3,000 N after which a consolidation and 
cooling phase of 30 s follows with applied pressure. Finally, the sample Is removed from the tool. 

Mechnical characterization. The samples are tested on a universal testing machine type Z 1465 
from Zwick&Roell AG (Ulm Germany) according to DVS EFB 3480-1 with a testing speed of 1 
mm/min. Prior to testing, the samples are stored in normalized climate according to DIN EN ISO 
139 of 23 °C and humidity 50 rel. %. For the lap shear test, the extension was measured via tactile 
extensometer with an initial measurement length of 50 mm. For the cross head test, the extension 
was measured via the machine traverse.  
Results 
When investigating the results from the single lap shear tests, it can be seen, that the maximum 
load capacity ranges between 325 ± 28.2 N and 448.7 ± 36.8  while the load capacity under normal 
load is lies significantly lower between 36.6 ± 3.9 N and 80.6 ± 8.0 N (compare Fig. 2 and Table 2). 
It is noticeable, that the standard deviation, especially for normal load results is comparably high 
and frequently exceeds 35 % of the base value. The highest individual measurements are 489 N 
(shear load) and 121 N (normal load) and can be interpreted as maximum achievable load 
capacities with single pin joints. Both measurements used a pin with a head diameter of 1.6 mm 
while the height is 1.8 mm (shear load) and 1.7 mm (normal load). Table 2 and Fig. 3 give an 
overview over the results. The failure mode for single lap shear specimens generally initially is a 
bearing failure of the CFRT component which is accompanied with a slight bending of the pin. 
One exception is a pin with D=1.7 mm and h=1.8 mm failed due to pin breakage at a force of 
412N. A pin extraction like with non-undercutting structures [18] could not be observed. Under 
normal load, the samples failed due to elastic and plastic deformation of the CFRT component and 
subsequent pin extraction without pin deformation. It must be noted that of pins with a head 
diameter of 1.5 mm and height of 1.9 mm, only two lap shear and cross head samples could be 
tested because the pin structures were damage during the pin welding process. 

 
Table 2 Summary of single lap shear and normal tests; * indicates sample size of only 2 

Name F max, shear [N] F max, normal [N] 
D14_h17_d125 346.7 ± 40.8 45.9 ± 12.4 
D14_h18_d125 325.0 ± 28.2 36.6 ± 3.9 
D14_h19_d125 394.3 ± 63.3 41.8 ± 8.2 
D15_h17_d125 339.7 ± 58.7 61.2 ± 8.2 
D15_h18_d125 416.7 ± 22.4 47.6 ± 18.5 
D15_h19_d125 416.5 ± 38.5* 49.9 ± 7.9* 
D16_h17_d125 350.7 ± 55.7  73.3 ± 33.9 
D16_h18_d125 448.7 ± 36.8 72.0 ± 29.2  
D16_h19_d125 422.0 ± 32.1 63.5 ± 22.6 
D17_h18_d125 404.3 ± 61.2 53.9 ± 16.6 
D18_h18_d125 410.3 ± 31.8 80.6 ± 8.0 
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Fig. 3 Maximum shear (left) and normal (right) loads for different pin height and head diameter  

Two different approaches can be used to explain the high standard deviation under normal load: 
first, the CFRT component on a macro scale is inhomogeneous with compact fiber rovings and 
matrix pockets (compare Fig. 4). Depending on the relative position, in which the pin is pressed 
into the composite, different joint morphologies can occur which are expected to influence the 
mechanical properties of the joint. Second, the manufacturing of the pin structures is complex and 
the repeatability is limited. A number of pins show residues of the welding process which partially 
fill the undercut of the pin structures presumably negatively influencing the joint properties. Fig. 
3, right shows an example with very large welding residues. Typically, when residues could be 
observed, the phenomenon was less pronounced than it is shown in this image. In future Studies, 
it is planned to replace the combined turning and welding process with a two-step pin forming and 
caulking process, similar as it is shown in [22], which is expected to solve the repeatability issues. 

 
Fig. 4 Microsection of undisturbed CFRT laminate (left) and photography of welded pin 

structure with large welding residues (right) 
When comparing the results with a study, in which cold extruded pins are used [20], the 

standard deviation with cold formed pins is significantly lower which in part is led back to the high 
repeatability of the cold forming process. In [21] undercutting pin geometries where joined with 
unidirectionally reinforced CFRT components. When comparing the results of pins with a head 
diameter of 1.25 mm and a hight of 1.8 mm, the results in [21] are lower with 347 ± 57.4 N in 
comparison to 416.7 ± 22.4 N under shear and load and higher with 85.2 ± 5.6 N in comparison to 
47.6 ± 18.5 N und normal load. In [21] the shear samples failed due brittle breakage of the pin 
which explains the comparable high standard deviation and the reduced load capacity while the 
normal load samples have a comparably low standard deviation. Since in this study, no welding 
residues could be detected, this is seen as the reason for higher repeatability. The increased load 
capacity in [21] however, can be caused by the different CFRT material which potentially is more 
suitable under normal loads. 

Statistical analysis using Pearson’s correlation coefficients. For the statistical analysis of the 
results, the calculation of Pearson’s correlation coefficients (r) provide the opportunity to 
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investigate the linear relationships between input and target variables and thus gain a deeper 
understanding of the joining process. Furthermore, the results offer an evaluation of which 
parameter variations indicate to have a significant effect on individual quality-relevant joint 
properties and which are less important. In this context, an r-value of -1 implies a strongly negative 
correlation at which the increase of one parameter results in the decrease of another parameter. In 
contrast, an r-value of +1 means a strong positive correlation and can be interpreted that the change 
in one parameter leads to a change of the other parameter in the identical direction. An r-value of 
0 indicates that there is no relationship between the input and target variables. [30] As an overview, 
Fig. 5 shows the calculated Pearson’s correlation coefficients. 

 

 
Fig. 5 Overview of the calculated Pearson's correlation coefficients 

Focusing on the maximum shear load capacity, one can see that both input parameters show a 
positive correlation (𝑟𝑟 = 0.505 and 𝑟𝑟 = 0.636) where the pin height tends to have a slightly stronger 
impact on the target variable. In this context, the increase of the pin height and to a lesser degree 
also of the pin head diameter result in an increase of the projection area of the pin structure. The 
increased projection area consequently leads to a decrease of the contact pressure between pin and 
CFRT laminate at a given load leading to a higher load capacity of the joint. In contrast, the 
Pearson’s correlation coefficients of the maximum normal load capacity indicate a very strong 
positive linear relationship (𝑟𝑟 = +0.919) between the pin head diameter and the output variable. 
This bases on the increased necessary deformation in the CFRT component during the pin 
extraction with a larger pin head diameter in comparison to a smaller head diameter. This increased 
deformation leads to larger contact pressure between CFRT and pin flanks which due to the incline 
of the pin flank results in a counter force which is consequently measured as the load capacity. 
Compared to this effect, changes in the pin height result only in a weak modification of the 
resulting maximum normal load capacity showing a negative correlation value of -0.274. In 
summary, if the increase of both target variables is targeted, the selection of generally higher values 
of the pin head diameter is recommended. 
Summary 
In the present study, it could be shown that conical pins are suitable to create joints with biaxial 
CFRT sheets that can be loaded under both shear and normal load. Maximum load capacities for 
single pins were 489 N under shear and 121 N under normal load while maximum average values 
were 448.7 N (shear) and 80.6 N (normal) for series of 3 samples. 

The high standard deviations in the measurments are explained with the morphology of the 
CFRT sample as well as the manufacturing process of the pin sample. It is expected, that with cold 
formed pins, the joining process will be more repeatable. The calculation of Pearson’s correlation 
coefficients indicated a high impact of the selected pin head diameter on both the maximum 
achievable shear and normal load. An increase of this parameter leads to a larger contact zone with 
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reduced contact pressure and thus to an increased load capacity. In contrast to this, the correlation 
indices of the pin height showed a positive effect on the shear load while simultaneously leading 
to slightly decreased maximum normal loads. Based on this, it is recommended to choose rather 
higher pin head diameters instead of a changed pin height. However, the parameter selections have 
to be in accordance with the permissible pin manufacturing and joining process limits. 

In future studies, it is planned to investigate cold formed, undercutting pin structures where an 
increase in the load capacity under shear load is expected due to work hardening effects as well as 
an decrease of the standard deviation, due to the more repeatable forming process, is expected 
especially under normal loads. Furthermore, multi-pin arrays have to be investigated, both to 
increase the overall joint strength as well as to average effects of the inhomogeneous CFRT 
component which presumably leads to further increased repeatability. Finally, the findings of this 
study should also be verified for other material systems such as quasi-isotropic and unidirectional 
reinforcements as well as other reinforcement fibers, such as carbon or aramid fibers and for other 
mechanical tests, such as peel tests, to increase the overall understanding on this particular joining 
technique. 
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Abstract. Due to economic and ecological framework conditions, a resource-saving utilization of 
raw materials and energy is becoming increasingly important in particular in the mobility sector. 
For the reduction of moving masses and the resources consumed, lightweight construction 
technologies are part of modern production processes in vehicle manufacturing, for example in the 
form of multi-material systems. Challenging in the manufacture of multi-material systems 
especially in view of changing supply chains is the variety of materials and geometries that bring 
conventional joining processes to their limits. Therefore, new processes are required, which can 
react versatile to process and disturbance variables. A widely used industrial joining process is 
semi-tubular self-piercing riveting, which is however a rigid process. To increase the versatility, 
the two newly established processes multi-range self-piercing riveting and tumbling self-piercing 
riveting are combined and the capabilities for targeted material flow control are united. Therefore, 
an innovative two-stage process based on the combination is introduced in this paper. The rivet is 
set with the multi-range self-piercing riveting process with an overlap of the rivet head and then 
formed by a tumbling process. Further, a specific adaptation of the tumbling strategy is used to 
investigate the possibility of reducing cracks in the rivet head. Thereby, different tumbling 
strategies are used and similar geometric joint formations are achieved to compare the results. 
Introduction 
The ecological, economic and social developments of the last years require a major focus on 
resource-saving technologies and the increase of efficiencies in many areas [1]. In particular, the 
mobility sector is undergoing a major transformation, as this sector is responsible for 
approximately 26% of CO2 emissions in the European Union, measured in 2019 [2]. One way to 
reduce energy consumption over the entire product life cycle, regarding both the production and 
the use of vehicles, is the deployment of lightweight construction technologies. This often involves 
the use of multi-material systems, which are characterized by the fact that they comprise 
components that have different mechanical and geometric properties [3]. The mechanical 
properties vary due to different materials used, and the geometric properties are dimensioned 
according to local requirements and consequently differ. This is reinforced by the vulnerability of 
global supply chains, which is also noticeable in lightweight materials due to the crisis. However, 
the manufacture of these systems requires the ability to join a variety of different components with 
varying materials and geometries and places all the greater demands on the flexibility of joining 
processes in more and more versatile process chains. [4]. These requirements are a major challenge 
for conventional joining processes currently in use, such as semi-tubular self-piercing riveting [5]. 
Due to its process design, this method is a rigid joining process that can only react to process and 
disturbance variables to a very limited extent [6]. In order to adapt the joining process to changed 
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boundary conditions, a change of the tools or the auxiliary joining part used is necessary [7]. 
However, these changes also result in a decrease of the process efficiency. To avoid a change of 
tools, versatile processes that can react flexibly to changing conditions are required. In order to 
address the challenges of future production systems with a large number of variants and to increase 
the adaptability of the joining processes, the two processes multi-range semi-tubular self-piercing 
riveting [8] and tumbling self-piercing riveting [9] were investigated. The schematic process 
layouts of both processes are shown in Fig. 1. 

 
Fig. 1 Multi-range self-piercing riveting a) and tumbling self-piercing riveting b) 

Conventional semi-tubular self-piercing riveting is a mechanical joining process for which 
double-sided access to the workpiece is required. The process design allows joining of similar and 
dissimilar materials such as steel, aluminum and fiber composites [10]. In addition, no pre-hole 
operation is necessary, the process can realize fast cycle times and achieves high static and fatigue 
joint strengths [11]. 

Using the process with multi-range tubular self-piercing rivet, shown in Fig. 1 a), the setting of 
the rivet is followed by a forming process, which forms the rivet head after setting onto the punch-
sided sheet. Therefore, an inner and an outer punch is required. Due to the subsequent forming of 
the rivet head, the rivet can be adapted to the respective thickness of the joint. Just like the 
conventional self-piercing riveting process, a form-fit and force-fit connection is created, which 
allows high joint load-bearing capacities, which are comparable to conventionally produced joints, 
to be achieved for pure aluminum [4] and multi-material joints [12]. The studies mentioned, were 
able to show, that the induced linear material flow was able to join sheet thickness variations of 
more than 1 mm. However, it was found that, especially with low sheet thicknesses, air inclusions 
occurred between the rivet head and the punch-side joining partner. These might have a negative 
effect on following process steps such as a cathodic dip painting. Closing this gap was not possible 
due to cracking in the rivet head area that occurs at high degrees of deformation.  

The tumbling semi-tubular self-piercing riveting process, shown in Fig. 1 b), is a combination 
of a tumbling process and conventional self-piercing riveting [9]. Tumbling is an incremental 
forming process that has its origins in cold forging. Characteristic of the process is the tumbling 
movement of the punch, which is described by an angular offset of the punch axis relative to the 
rest of the tool axis [13]. Together with a conical shape of the punch, the angular offset, which 
describes the tumbling angle, results in a reduction of the contact area between the punch and the 
workpiece. Thus, a higher surface pressure is achievable and large forming operations can be 
realized with a comparably low force level [14]. Furthermore, due to the reduced contact area, a 
kinematic model can be applied, which specifically controls the movement of the contact area on 
the workpiece in order to achieve increased material flow control and thus a process-side influence 
on the workpiece. The targeted movement enables both an influence on the geometry and on the 
mechanical properties by strain hardening. By combining both versatile joining approaches, more 
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opportunities to influence the process are expected and a specific shaping of the rivet head can be 
achieved. 
Materials and Methods 
In the research, an aluminum EN AW-6014 is used, which is an alloy of aluminum, magnesium 
and silicon. The material is applied in many components of the body-in-white and critical outer 
skin applications in the automotive industry. Therefore, the material is a component of multi-
material systems in many applications and thus adequately represents them. The material is 
characterized by good formability and hemming behavior, as well as good paint bake response. 
For the punch-side joining partner, a sheet thickness of t0 = 1.0 mm and for the die-side joining 
partner, a sheet thickness of t0 = 2.0 mm was selected.  

The rivet element used is an adapted rivet geometry, which is modified for the multi-range 
joining process and has a material protrusion at the rivet head. This material protrusion is embossed 
by the outer punch in the conventional process and, thanks to the additional material, enables better 
joining suitability for greater total sheet packages. The selected die has a standard geometry from 
the industrial environment from type FM 095 2116 with a diameter of 9.5 mm and a die depth of 
1.6 mm.  

As a joining strategy based on the process combination, a two-stage process is selected. The 
first three process phases of conventional self-piercing riveting, consisting of clamping the joining 
partners, piercing the punch-side joining partner and flaring the rivet, are carried out with the multi-
range tool, as shown in Fig. 2. The subsequent tumbling process is applied to completely form the 
joint and to shape the rivet head by increasing the radial material flow to the punch-side joining 
partner. 

 
Fig. 2 Process combination of multi-range and tumbling self-piercing riveting 

In order to investigate the joining process, which combines a linear and a tumbling kinematic, 
the specimens are joined successively using two joining systems. To set the joint, a joining system, 
which was presented in [15], with extended punch-sided tool actuator technology was used (see 
Fig. 3). It is based on a column guided frame. The lower tool contains the die, which provides the 
cavity needed to create the interlock. The upper tool includes an inner and an outer punch for the 
setting and forming process as well as a blankholder. Servoelectric drives are used to control the 
two punch movements with individual motions and independently parameterized force-
displacement profiles. For the first process stage in this investigation, only the inner punch and the 
blank holder are used. 

For the second process stage, a tool is used, which was presented in [9] and can be seen in 
Fig. 3 b). In this tool, which is mounted in a universal testing machine, the self-piercing riveting 
process can be superimposed by a tumbling kinematic of the punch. This is achieved by combining 
a rotational and a linear axis. The linear axis is installed on a rotating table, and thus the rotation 
and linear motion can be used to approach any point on a circle by any path. This makes the 
tumbling kinematics completely freely configurable and different tumbling strategies can be 
investigated. 
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Fig. 3 Tool setup of multi-range self-piercing riveting a) and tumbling self-piercing riveting b) 

The tumbling strategy consists of the parameters tumbling angle, tumbling kinematics, 
tumbling velocity and tumbling onset. The tumbling angle is defined by the inclination of the 
punch axis to the tool axis and a larger tumbling angle results in a reduced contact area. In Fig. 4 
shown on the left, the tumbling angle is set by one rotation from the neutral position after the first 
contact between the punch and the rivet. Another possibility is to set the tumbling angle before the 
initial contact and thus reduce the contact pressure of the punch in the rivet head center, shown in 
Fig. 4 in the middle. The tumbling kinematic shows the movement of the contact surface on the 
rivet head and can be individually adapted. In a circular kinematic, the tumbling angle is kept 
constant after reaching the maximum, whereas in a spiral kinematic the tumbling angle increases 
over the entire joining process and reaches its maximum at the end of the process, depicted in 
Fig. 4. The tumbling velocity is not varied in the tests, since it only results in the number of 
rotations during the joining process. The tumbling onset at which the angle is set also plays a 
subordinate role because the onset should be after the first two process phases consisting of 
clamping and cutting. 

 
Fig. 4 Tumbling kinematic of the tumbling strategy used (a: Circle kinematic set by one rotation, 

b: circle kinematic set before joining, c: spiral kinematic, d: Representation of the tumbling 
angle over time for the kinematics used) 

In order to investigate the influence of the tumbling strategy on the formation of cracks in the 
rivet head, macrographs of joints that are realized using different strategies are analyzed. 
Moreover, the achieved characteristic joint parameters, including the undercut, the rivet head end 
position and the residual sheet thickness are assessed to ensure the comparability of the evaluation 
of the crack formation depending on the tumbling strategy. 
Results 
In a first process stage, the rivet elements are set into the joint with the inner punch of the multi-
range tool. The stroke of the punch is selected to ensure that the rivet head has a protrusion, as in 
previous investigations with the tool. In experiments with the multi-range tool, the outer punch 
would then form the protrusion of the rivet head on the sheet metal on the punch side, but this 
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causes the challenges already described. Here, however, the effective mechanism of the tumbling 
punch is used to form the protrusion to the joining partner through the use of targeted material 
flow control and to completely form the joint. In this investigation, different configurations of the 
tumbling strategy are applied and different levels of sophistication of the adaptation of the 
tumbling strategy are presented to demonstrate the possibilities with the versatile joining process. 
First, a conventional tumbling strategy with a circle kinematic and a tumbling angle of 6° is applied 
and then the joint is evaluated using a macrograph. Fig. 5 shows the section through the center 
plane of the riveted joint. Significant cracks are in the center of the rivet head and at the protrusions. 
The crack in the rivet head is located centrally and is directed toward the tubular volume. In 
addition, a cavity can be identified on the upper side of the rivet head, as it is characteristic of 
tumbled joints. This deformation is caused by the conical punch, that due to its geometry, has a 
very small contact area between the punch and the rivet as the process begins. The contact is 
reduced only by adjusting the tumbling angle afterwards. The crack in the center is caused by the 
punch geometry, as this causes significant bending stresses on the rivet head. 

At the start of the process, the rivet head first comes into contact with the punch tip due to its 
conical shape and applies a force. When the punch comes into contact, the adjustment mechanism 
begins to approach the tumbling angle, however, this requires a full revolution during which the 
punch is moved in the z-direction. From the tumbling velocity ω = 240 °/s and the traverse speed, 
which describes the displacement of the punch in z-direction with v = 10 mm/min, a punch travel 
in z-direction of h = 0.25 mm results until the tumbling angle is completely adjusted. Thus, at the 
beginning of the process, the total force of the punch passes over the rivet head center into the 
joint. Furthermore, cracks can be identified on both sides at the rivet head protrusion. This damage 
to the rivet element at the rivet head is also due to the tumbling kinematics and the tumbling angle. 
The selected tumbling angle α = 6° causes a significant reduction of the contact area and a high 
surface pressure at the rivet head protrusion. Furthermore, a combination of radial and tangential 
material flow due to the tumbling motion and the large tumbling angle is causal for significant 
material deformation. 

 
Fig. 5 Macrograph with detail views of joint set with standard tumbling strategy 

To reduce the formation of cracks in the rivet head, the tumbling strategy is adapted based on 
the causes of the cracks that have occurred. With its mechanical design and customized control 
system, the tool offers all opportunities to adjust the tumbling strategy to the changing peripheral 
conditions. The cause of the cracks in the rivet center is the initial contact of the punch with the 
rivet head and the subsequent force applied. To prevent this effect of the conically shaped punch, 
the tumbling angle is set to the maximum angular position of the process before the initial contact 
between punch and rivet head. For a reduction of cracking at the rivet head projection, the 
maximum tumbling angle in the joining process is lowered to α = 5° to reduce the surface 
pressures. In addition, the punch is also accelerated to its maximum tumbling velocity ω = 240 °/s 
before the onset of the process to prevent inhomogeneous deformations at the rivet protrusion. In 
Fig. 6, a macrograph is shown in the center plane of the riveted joint connected with the adapted 
tumbling strategy. The results show no cracks appearing at the rivet head center and a significant 
reduction in crack size at the rivet head protrusion. The lack of initial contact of the punch on the 
rivet head reduces the bending stress in the rivet head and no indentation occurs on the rivet head. 

Tumbling strategy

Circle kinematic
α0 = 6°
αmax = 6°
ω = 240°/s2 mm1 mm 0.5 mm
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The 1° lower maximum tumbling angle has the effect of reducing the stress peaks at the rivet head 
protrusion and preventing a complete cracking of the auxiliary joining elements as seen before. 

 
Fig. 6 Macrograph with detail views of joint set with adapted tumbling strategy 

However, the tumbling strategy contains further parameters with which the joining process and 
thus the material flow and stress distribution can specifically be controlled. Alongside the tumbling 
angle, the tumbling kinematic has a significant influence on the resulting joint. Circular kinematics 
have a constant tumbling angle throughout the entire process, except for the setting phase of the 
angle. In the case of spiral kinematics, which are also predominantly rotating kinematics, the 
tumbling angle increases during the entire process and reaches its maximum deflection at the end 
of the process. This results in a constant increase in the tumbling angle and a lower deformation 
of the rivet head per revolution. Decreasing the deformation of the rivet head protrusion per 
increment is intended to reduce the probability of cracking and to form a defect-free joint.  

Since initial contact at α = 0° in the rivet head center of the punch is also to be prevented in 
these experiments, the tumbling angle at the start of the process is selected at α = 4°. This causes 
a spiral contour of the contact surface on the rivet head without causing initial contact in the rivet 
head center. Fig. 7 shows a macrograph of the joint of a connection set with spiral kinematics. The 
joint shows no cracks in the rivet head, either in the rivet head center nor at the rivet head 
protrusions. As with the adapted circular kinematics, there is no punch contact in the center, hence 
no cracking in this area occures. The results also show that moving the contact area in a radial 
direction in the form of a tumbling angle increase reduces the sensitivity to cracking. The 
maximum tumbling angle in the spiral kinematics is the same as in the adapted circular kinematics, 
but the comparatively slow buildup of the angle is less critical for the rivet head protrusion. 

 
Fig. 7 Macrograph with detail views of joint set with versatile tumbling strategy 

For a comparison of the results of the individual kinematic models, the geometric joint 
formation is considered because the individual parameters have specific influences on the joint 
and similar characteristics must be provided to allow a comparison of the formation of cracks. The 
values in Fig. 8 are averaged results over the right and left measured values because the 
macrographs do not show any angular offsets of the rivets. For each combination, only one test is 
shown, since the deviations of the results observed are negligible. The undercut is shown to be 
high for both kinematic models with a slightly reduced level for the spiral kinematics. This reflects 
previous findings [9] when comparing circular to spiral kinematics, but both kinematic models are 
at a similar level. The rivet head end position also shows results with a low maximum difference 
of 0.04 mm for the investigated variants. The differences can be explained by the variation of the 
tumbling onsets. In the 6° tumbling, the punch is in the 0° position at the beginning, whereas in 
tests with 5°, the punch is already at the maximum tumbling angle at the first contact between 

Tumbling strategy

Circle kinematic
α0 = 5°
αmax = 5°
ω = 240°/s2 mm0.5 mm 1 mm

2 mm

Tumbling strategy

Spiral kinematic
α0 = 4°
αmax = 5°
ω = 240°/s 

0.5 mm
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punch and rivet, thus causing a greater deformation of the rivet head protrusion. The difference in 
residual sheet thickness can also be explained by the adaptation of the tumbling strategy. With a 
continuously increasing angle, a larger radial material flow and a smaller axial material flow 
component are obtained. As a result, the rivet element is driven less into the joint and an increased 
residual sheet thickness results with a maximum difference to the other kinematic models of 
0.04 mm. The results show similar geometric joint formations for all three tumbling strategies and 
are therefore suitable for comparison of the tumbling strategies. 

 
Fig. 8 Geometric joint formation of joints with varying tumbling strategies 

The investigations show the increased versatility of the process combination by uniting the two 
processes into a two-stage joining process. The first process stage enables the rivet to be set 
precisely without deforming the rivet head in the radial outward area.  Further, it is possible to 
increase the application options and the material flow control by adapting the process parameters 
of the tumbling strategy. The process combination allows a significant influence to be exerted on 
the shape of the joint without having to change the die or the rivet geometry. Additionally, the risk 
of the occurrence of cracks in the rivet head can be reduced and thus defect-free joints can be 
realized by adapting the tumbling strategy. By combining the two operating principles, the 
characteristic properties of the two processes can be combined. These are characterized in the case 
of multiple linear actuation by axial and in the case of tumbling semi-tubular self-piercing riveting 
by radial control of the material flow, which enables the tubular volume to be adjusted. 
Summary and Outlook 
In the investigations on a combination of versatile semi-tubular self-piercing riveting processes, a 
two-stage process consisting of a multi-range self-piercing riveting process and a tumbling self-
piercing riveting process has been set up and evaluated. After setting the rivet to a constant rivet 
head height above the punch-side joining partner with the inner punch of the multi-range tool, the 
rivet head protrusions are formed onto the punch-side joining partner with a tumbling punch. For 
the second process stage, different tumbling strategies were investigated with a variation of several 
parameters. The results show that by adapting the tumbling strategy, the sensitivity of the rivet 
heads to cracking can be reduced while achieving nearly consistent geometric joint properties. 
Consequently, by combining the two processes, the versatility can be increased and new 
opportunities for joining technology can be created. However, closing the cavities under the rivet 
head protrusion is shown to be a challenge. Therefore, further investigations and adaptations of 
the tumbling strategy are necessary to realize the required crack-free joining. Further, the load 
bearing capacity is a very important feature of joints and should be investigated. This can be tested 
using the shear tensile and cross tensile test. 
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Abstract. Clinching is a versatile mechanical joining method for assembling different sheet metal 
materials without auxiliary elements in short process times. The joint strength, however, solely 
relies on the material condition and its targeted interlock formation. Therefore, accurate material 
models are necessary incorporating all relevant phenomena to reliably predict the material 
behaviour. We extend a finite elastoplastic material model by incorporating the plastic orthotropy 
of the sheet metal in the joining process simulation. The anisotropy is captured by different variants 
of the 3D Hill 1948 yield function with associative and non-associative plastic flow. The 
constitutive models and the 3D clinching simulation are outlined and utilised to study the influence 
of plastic orthotropy focusing on the aluminium alloy EN AW-6014. 
Introduction 
Clinching is a mechanical joining technique for assembling different sheet metal materials by 
solely cold forming the material. Thus, it does not require auxiliary parts and hole pre-alignment. 
However, consequently the joint strength solely relies on the sheets and the sufficient formation 
of an interlock during the clinch joining process. Numerical investigations are essential for the 
development of the process route, to gain a deeper insight and for future optimisation. This requires 
highly accurate and robust material models to capture the large plastic deformations [1,2] and the 
complex non-proportional material flow. Especially the latter could change systematically due to 
anisotropic plastic flow, which can be accurately captured, for instance, by the r-values. Thus, this 
study focuses on the inherent plastic orthotropy of the metal sheets to be joined and its influence 
on the joint forming. 

In [3] clinched joints of differently coated thin steel sheets H180Y exhibiting high Lankford  
(r-) values (1.4 … 2.0) were studied. By using an anisotropic Hill yield locus for plasticity in 
ABAQUS for the quasi-static loading of the clinched joint, they showed a notable influence of 
anisotropy on the predicted shear strength. On the other hand, in [4] only a marginal effect of the 
plastic orthotropy for mild deep drawing steel DC05 on the strength of the joint was observed. 
Therein, the anisotropic plasticity model by Hill (1948, “Hill48”) [5] was used under plane stress 
condition and equipped with parameters also determined from Lankford values. In addition to a 
von Mises and plane stress Hill48 yield function, [6] utilised the more advanced anisotropy model 
Yld2000-2d. They investigated equivalent models for clinched joints of deep-drawing-quality steel 
sheet proving a significant effect of the anisotropy on the calibration. In contrast, to the previous 
works studying the clinched joint, for instance [7] considers the preceding clinch joining process. 
Therein, only a minor influence of plastic orthotropy on the interlock was shown for DC05. For a 
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dual-phase steel DP600 only a negligible effect of the planar anisotropy on the sheet contours after 
joining was found [8]. 

We focus on an aluminium alloy EN AW-6014 T4 with sheet thickness 2 mm. Its plastic 
orthotropy has already been characterised in [9] – by uniaxial tension tests and layer compression 
tests – being more pronounced than for a dual-phase steel HCT590X. Moreover, in contrast to the 
steel, the biaxial r-value of the aluminium alloy was less than 1, possibly rendering a different 
behaviour. The anisotropy is described by different variants of the Hill48 model including 
associative and non-associative flow rules. For the numerical investigations, a 3D clinching 
process model [10] is used. Moreover, in contrast to the state of the art, we focus on the importance 
of using 3D orthotropic plasticity to also capture the inherent difference between in-plane and out-
of-plane plastic yielding and flow. This forms the basis to study the influence of plastic orthotropy 
on geometric and process-related parameters of clinch joining based on a flexible but still 
comparable group of anisotropy models. 
Material Modelling 
Clinching involves large plastic strains modelled herein by finite plasticity based on the 
logarithmic strain space [11]. After a short introduction into the framework and the elasto-
plasticity model, the anisotropy formulations are introduced to describe the sheet metal. 

Kinematics. The deformation of the body is captured by the deformation gradient 𝑭𝑭 =  𝑰𝑰  +  ∇𝑿𝑿𝒖𝒖 
based on the unit tensor 𝑰𝑰 and the gradient of the displacements 𝒖𝒖. From the deformation 
gradient 𝑭𝑭, the right Cauchy-Green strain tensor is defined as 𝑪𝑪 = 𝑭𝑭𝑇𝑇 ⋅ 𝑭𝑭. 

Logarithmic strain space. As part of Seth-Hill’s family of generalised strain measure, the 
logarithmic (Hencky) strain 𝑯𝑯 is used within the logarithmic strain space and computed from the 
right Cauchy-Green strain tensor [11]. Due to the properties of the Hencky strain, the additive split 
𝑯𝑯 = 𝑯𝑯e + 𝑯𝑯p of the total strain into elastic and plastic part is applicable. Plasticity is herein based 
on a free energy density quadratic in the elastic strains 𝑯𝑯e. Nonlinear isotropic hardening is 
described by a plastic potential, which is here defined by a tabular flow stress 𝜎𝜎f(𝐻𝐻p,acc), with the 
accumulated plastic strain 𝐻𝐻p,acc. The logarithmic stress tensor 𝑻𝑻 is computed from the total 
Hencky strain 𝑯𝑯 and total plastic Hencky strain 𝑯𝑯p. 

Isotropic and anisotropic yield functions. Plastic anisotropy is introduced by the classical 3D 
Hill48 anisotropic yield function [5] written in tensor notation [11] as 

𝛷𝛷(𝑻𝑻,𝐻𝐻p,acc) = ‖𝑻𝑻‖𝓗𝓗𝒔𝒔
− �𝟐𝟐 𝟑𝟑⁄  𝜎𝜎f(𝐻𝐻p,acc) ≤ 0    with ‖(⋅)‖𝓗𝓗𝒔𝒔

≡ �(⋅):𝓗𝓗𝒔𝒔: (⋅) (1) 

This yield criteria is similar to isotropic von Mises (J2-) plasticity besides the generalisation of 
the stress norm using the deviatoric fourth order Hill tensor ℋ𝑠𝑠. Thus, for ℋ𝑠𝑠 = ℑdev (deviatoric 
fourth order unit tensor), we recover isotropic von Mises plasticity. The tensor ℋ𝑠𝑠 is set up from 
the Hill coefficients ℎ𝛼𝛼𝛼𝛼 as described in [9, 11]. 

Evolution equations and algorithmic implementation. Starting from the yield condition in 
Eq. (1), the evolution equations are derived. This includes the symmetric plastic strain tensor 𝑯𝑯p 
and the accumulated plastic strain 𝐻𝐻p,acc as 

𝑯𝑯ṗ = 𝛾̇𝛾𝑵𝑵    with 𝑵𝑵(𝑻𝑻) ≡
𝓗𝓗𝒓𝒓:𝑻𝑻
‖𝑻𝑻‖𝓗𝓗𝒓𝒓

 ;    𝐻̇𝐻p,acc = �𝟐𝟐 𝟑𝟑⁄ 𝛾̇𝛾 (2) 

based on the Lagrange multiplier 𝛾̇𝛾. The latter relation for the accumulated plastic strain is – for 
the non-associative model – an assumption proposed in [12], made for simplicity. Here, we have 
already generalised the relation for the plastic strain to incorporate a non-associative flow rule by 
introducing the Hill48-type tensor 𝓗𝓗𝒓𝒓. The special case of associative plasticity is recovered for 
𝓗𝓗𝒔𝒔 = 𝓗𝓗𝒓𝒓. To satisfy the yield condition also for a non-associative flow rule, we use a closest-
point projection algorithm [13]. The implementation is carried out as an implicit user-defined 
material model in the commercial FEM-software LS-DYNA. 
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In this framework we identify four groups of material models that will be compared in the 
results section, namely isotropic plasticity “von Mises” (𝓗𝓗𝒔𝒔 = 𝓗𝓗𝒓𝒓 = 𝕴𝕴𝐝𝐝𝐝𝐝𝐝𝐝), associative 
anisotropic Hill48 plasticity (𝓗𝓗𝒔𝒔 = 𝓗𝓗𝒓𝒓) either based on r-values “Hill48-r/Hill48-rn” or yield 
stress ratios “Hill48-s”, and non-associative anisotropic Hill48 plasticity identified based on r-
values and yield stress ratios “Hill48-rs” (𝓗𝓗𝒔𝒔 ≠ 𝓗𝓗𝒓𝒓). All these models share a common basis, 
which is beneficial for the comparison as differences can thus be clearly attributed generating 
insightful cause-effect relations. Here, non-associative flow is crucial to simultaneously capture 
the r-values and yield stress ratios, while still being comparable to the associative basis. 
Parameter Identification 
In the following, we first briefly outline the experimental setups and results. Secondly, the 
computation of the anisotropy coefficients for the different models is described in detail. 

Layer compression test. This test is an adaption of the conventional compression test based on 
DIN 50106 (see e. g. [9] for details and further literature). With this setup the plastic flow curve 
up to true plastic strains of about 0.7. This data is taken from [2], where a good correlation for the 
application in clinching process simulations was achieved with this setup. However, it needs to be 
kept in mind that the sheet is loaded in thickness direction, therefore we obtain the flow stress in 
sheet normal direction, which is thus herein chosen as reference direction. This flow stress might 
differ from the rolling direction due to plastic anisotropy. 

Tensile tests with different sheet orientations. Tensile tests were carried out in [9] according to 
DIN 6892-1. To investigate the anisotropy of the aluminium sheet metal, specimens were extracted 
under 0°, 45° and 90° to the rolling direction (RD) by laser cutting. 

Firstly, from the tensile test the r-values 𝑟𝑟𝜃𝜃 can be determined from the strains measured by an 
optical measuring system. These were evaluated at an elongation of 10 mm (20% strain), compare 
[9], and are 𝑟𝑟0° = 0.8060, 𝑟𝑟45° = 0.4637 and 𝑟𝑟90° = 0.6105. Moreover, it is possible to compute 
the average or normal anisotropy 𝑟𝑟n =  [𝑟𝑟0° + 2 𝑟𝑟45° + 𝑟𝑟90°] 4⁄ ≈ 0.5860 from these r-
values [14]. This r-value is the basis for the Hill48-rn model, which corresponds to an isotropic in-
plane behaviour. Here, anisotropy only affects the thickness direction, so with only one preferred 
direction (transverse isotropy). Thus, Hill48-rn could be solved using a 2D axisymmetric model 
saving computation time but still capturing the anisotropy in thickness direction. Nevertheless, for 
comparability the 3D simulation model was utilised. 

Secondly, the yield stress ratios 𝜎𝜎yield,𝜃𝜃/𝜎𝜎yield,0° (0°: 1;  45°: 0.9820;  90°: 0.9655) are 
determined from the true stress-strain curves based on the force-elongation curves in the different 
sheet orientations. Here, the reference yield stress 𝜎𝜎yield,0° corresponds to the rolling direction. 
However, our reference flow stress stems from the layer compression test and thus is determined 
in sheet thickness direction with 𝜎𝜎yield,thickness. Therefore, the yield stress ratio 𝑠𝑠𝜃𝜃 =  𝜎𝜎yield,𝜃𝜃/
𝜎𝜎yield,thickness is defined. To remain consistent with the Hill48 model 

𝜎𝜎yield,thickness

𝜎𝜎yield,0°
= �−1 +

2
1 + 𝑟𝑟0°

+ �
𝜎𝜎yield,90°

𝜎𝜎yield,0°
�
−2

�
−0.5

≈ 0.9205 (3) 

is computed based on [15] to transform the ratios 𝜎𝜎yield,𝜃𝜃/𝜎𝜎yield,0° (with ℎ11 = 1) to 
𝑠𝑠𝜃𝜃 (ℎ33 =  1; 0°: 1.0864;  45°: 1.0668;  90°: 1.0489). In doing so, we further ensure that at least 
the r-value in RD 𝑟𝑟0° is exactly obtained by the Hill48-s model [16], see Fig. 1. Even though this 
alters the actual yield stress ratios, it is nevertheless regarded as sufficient for a fundamental study 
on the influence of plastic orthotropy on clinching and further improves the comparability to the 
isotropic von Mises model. 

Anisotropy coefficients. We choose the sheet thickness direction as reference direction to be 
able to directly utilise the flow curve from the layer compression test as flow stress 𝜎𝜎f(𝐻𝐻p,acc). For 
the Hill48 anisotropy model this corresponds to the definition (ℎ33 = 1) ≃ (𝐹𝐹𝑦𝑦𝑦𝑦 + 𝐺𝐺𝑧𝑧𝑧𝑧 = 1). 
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Moreover, we assume the out-of-plane anisotropy coefficients ℎ23 and ℎ31 to be identical to the 
isotropic case. From the r-values and yield stress ratios, the remaining anisotropy coefficients ℎ𝛼𝛼𝛼𝛼 
can be determined. The classical associative Hill48 anisotropic plasticity model can either solely 
be based on the r-values as Hill48-r/-rn models or be based on the yield stress ratios as Hill48-s 
model. 

Hill48-r. Transforming the definitions given in [9,16], the Hill-coefficients are computed from 
the r-values for ℎ33𝑟𝑟 = 1 as 

ℎ11𝑟𝑟 = �
𝑟𝑟0° + 𝑟𝑟90°

𝑟𝑟90°[𝑟𝑟0° + 1]
 ℎ22𝑟𝑟 = �

𝑟𝑟0° + 𝑟𝑟90°
𝑟𝑟0°[𝑟𝑟90° + 1]

 ℎ33𝑟𝑟 ≡ 1 
(4) 

ℎ12𝑟𝑟 = [2𝑟𝑟45° + 1]−0.5 ℎ23𝑟𝑟 = ℎ31𝑟𝑟 = 1 √3⁄   

Hill48-rn. Eq. (4) is also applicable for the Hill48-rn model replacing 𝑟𝑟0°, 𝑟𝑟45°  and 𝑟𝑟90° by 𝑟𝑟n. 
Hill48-s. From the relation between the yield stress ratios and the anisotropy coefficients for 

Hill48 [15] with the assumption that ℎ33𝑠𝑠 = 1, the following equations result 
ℎ11𝑠𝑠 = 𝑠𝑠0° ℎ22𝑠𝑠 = 𝑠𝑠90° ℎ33𝑠𝑠 ≡ 1 

(5) 
ℎ12𝑠𝑠 = 𝑠𝑠45° [4 − [𝑠𝑠45° ]2]−0.5 ℎ23𝑠𝑠 = ℎ31𝑠𝑠 = 1 √3⁄   

The resulting Hill anisotropy coefficients (𝒉𝒉𝟏𝟏𝟏𝟏;  𝒉𝒉𝟐𝟐𝟐𝟐;  𝒉𝒉𝟏𝟏𝟏𝟏) with ℎ33 = 1 and 𝒉𝒉𝟐𝟐𝟐𝟐 = 𝒉𝒉𝟑𝟑𝟑𝟑 =
0.5774 are for Hill48-r (1.1335;  1.0446;  0.7203), Hill48-rn (1.1230;  1.1230;  0.6785) and 
Hill48-s (1.0864;  1.0489;  0.6306). Hill48-rs combines the parameters from Hill48-r and Hill48-
s, thus utilises two sets of Hill-coefficients. As well-known, Hill48 anisotropy can typically not 
simultaneously capture the experimental r-values and yield stress ratios (marked by x) [14], as 
shown in Fig. 1. In contrast, the non-associative Hill48-rs model combines both sets and thus 
describes both well. Hill48-rn (dash-dotted) captures none of the in-plane ratios exactly, but only 
the (not shown) thickness direction.  

Fig. 1. Yield stress ratios 𝑠𝑠𝜃𝜃 (left) and r-values 𝑟𝑟𝜃𝜃 (right) as function of the angle 𝜃𝜃 to the rolling 
direction (RD). Hill48-s (dashed) captures the experimental yield stress ratios (marked by x) 

precisely, but not the r-values. In contrast, Hill48-r (dotted) only captures the r-values exactly. 
The ratios for Hill48-rn (dash-dotted) do not depend on the in-plane orientation, but 

nevertheless reproduce r-values and yield stress ratios different from 1. 
3D Clinching with Isotropic and Anisotropic Plasticity 
Subsequently, the 3D clinching process model is introduced followed by the numerical results. 

3D clinching model. The 3D clinching process model and the essential settings are shown in 
Fig. 2 based on the validated model from [10]. To keep the meshes symmetric and be able to 
account all asymmetries to the influence of plastic orthotropy, eight-node hexahedral 
elements (ELFORM=1) without remeshing were chosen. Nevertheless, especially due to the 
complicated contact states, some asymmetry can result from the numerical model. Thus, all results 
are averaged by using the x-direction as RD and separately solving the model for RD along the y-
direction (90° rotated) to account for the mentioned numerical asymmetries. The differences 
between the results are indicated by error bars in Fig. 5. Even though the values might scatter, the 
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shown ratios and trends between rolling (RD) and transverse direction (TD) were consistent for all 
models.  

Fig. 2. 3D clinching process model and essential simulation settings. The rolling direction (RD) 
is aligned along the x-direction. Both sheets are symmetrically meshed by hexahedral elements 

without the need for remeshing (based on [10]). 
Results. We study the influence of plastic orthotropy by analysing its effect on the overall sheet 

deformation, the characteristic parameters (interlock 𝑖𝑖, neck thickness 𝑛𝑛, shown in Fig. 3) and the 
process force. The sheet contours of the yz-plane (normal to x-axis, red, 90°, TD) and xz-plane 
(normal to y-axis, green, 0°, RD)  for selected models are shown in the following. 

For isotropic von Mises plasticity, the sheet contours from both planes match well and are 
shown as black reference contours in Fig. 3 and 4. Thus, the 3D model with isotropic plasticity is 
indeed symmetric. The geometric parameters, depicted in Fig. 5, confirm this symmetry. 

Hill48-r obtains a slightly asymmetric deformation mainly visible by a higher interlock in 
rolling direction (green) in Fig. 3. This might be similar to the flow behaviour observable in the 
layer compression test, where the material flow is less pronounced in rolling direction. The higher 
interlock is compensated by a thinner neck in rolling direction, as summarised in Fig. 5. Moreover, 
the asymmetry and difference to isotropic plasticity (black) can also be seen in the upper corner A 
in Fig. 3, where Hill48-r predicts less vertical flow into the joint.  

Fig. 3. Hill48-r. Sheet contours of the clinched joint. A small asymmetry is visible for the 
interlock in TD (red) and RD (green). Moreover, also the vertical flow into the joint (zoom A) is 
affected by anisotropy compared to the isotropic model (black). The zoom window B shows the 

definition of the interlock 𝑖𝑖 and neck thickness 𝑛𝑛. 

Hill48-rn well represents the symmetry in in-plane direction, thus is not shown in detail, but  
only summarised in Fig. 5. Hill48-s renders only a small asymmetry in the deformation, thus is 
also not shown in detail and is on average similar to Hill48-r, see Fig. 5. 
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Hill48-rs in Fig. 4 predicts a larger asymmetry of the interlock and neck thickness than the 
previous models, however with ratios 𝑖𝑖RD/𝑖𝑖TD  = 1.07 and 𝑛𝑛RD/𝑛𝑛TD  = 0.96 still relatively low 
and within the experimental scatter indicated in Fig. 5 by the shaded areas. 

Fig. 4. Hill48-rs. Sheet contours of the clinched joint. The asymmetry between rolling (RD, 
green) and transverse direction (TD, red) is more pronounced visible by a larger interlock and 

thinner neck in rolling direction (green, zoom window). 

The interlock 𝑖𝑖 and neck thickness 𝑛𝑛 are extracted from the numerical results as shown in 
Fig. 3 (right) and summarised in Fig. 5. All anisotropy models show in rolling direction a higher 
interlock and a thinner or almost equal neck thickness. The non-associative model Hill48-rs 
exhibits the highest geometric asymmetry, where it appears to combine the results for Hill48-r and 
-s. Thus, it appears to be important to capture both anisotropy effects. Nevertheless, in view of the 
experimental scatter, the asymmetry is negligible, so the in-plane anisotropy could be omitted. 
Moreover, the anisotropy does not only relocate the material between rolling and transverse 
direction, but also increases the interlock overall. This might be accounted to the changing flow 
behaviour that is introduced by the r-values. The Hill48-rn renders a nearly symmetric deformation 
with a higher interlock than the von Mises model and a slightly lower neck thickness. This 
confirms that the anisotropy in sheet thickness direction already notably influences the 
characteristic parameters and further supports the use of a 3D anisotropy model.  

Fig. 5. Comparison of interlock (left) and neck thickness (right) for all models. Red: transverse 
direction (TD). Green: rolling direction (RD). The shaded areas with dashed upper and lower 
bounds indicate the experimental range. Anisotropy relocates the material between RD and TD 

and moreover increases the interlock. 
Further analysis shows a continuous transition of these results between rolling and transverse 

direction. Thus, the extrema are well captured by considering only the yz- and xz-planes as 
depicted in the figures and diagrams above. Also changing the relative orientation of the die-sided 
and punch-sided sheet revealed no different trends. 

The comparison of the process force for all models shows no clear tendency in Fig. 6 (left) as 
all match the experimental results (black) well. All forces evolve similarly with a certain scatter 
mainly due to unsmooth changes in the contact states. The process force seems to be dominated 
by the compression of the two sheets between the punch and the die, which is governed by the 
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flow stress in sheet thickness direction being equal for all models. Fig. 6 (right) confirms that the 
joint contours for von Mises (blue) as well as Hill48-rs (red) match well to experiments (black).  

Fig. 6. Process force vs process time for different material models (left). All models match the 
experimental result (black) well. The different anisotropy models show no clear trend, such that 
the process force is rather independent and mainly affected by the flow stress in sheet thickness 
direction. The simulated joint contours for von Mises (blue) and Hill48-rs (red) plasticity match 

well to the experimental results (black). 
Summary and Outlook 
We implemented different 3D anisotropic plasticity models in LS-Dyna for the simulation of 3D 
clinching. The goal was to set up robust material and simulation models to study the influence of 
plastic orthotropy on the clinching process. Thereby, we compared different variants of the Hill48 
yield function including associative and non-associative flow rules being equipped with different 
experimental input. The shown results are confined to an aluminium alloy EN AW-6014 T4, which 
revealed only a minor influence and asymmetry of geometric and process parameters due to plastic 
orthotropy. However, it was shown that the anisotropy between in-plane and sheet thickness 
direction can alone notably affect the clinched joint. Moreover, the use of a non-associative 
plasticity model that accurately captures more features of the sheet orthotropy led to a more 
pronounced asymmetry, however still well within experimental scatter. Even though the non-
associative model is therefore recommended for higher predictability, it is seen as more important 
to accurately capture the ratio between in-plane and out-of-plane plastic flow. Especially for 
aluminium alloys a non-quadratic yield function is necessary, for instance Yld91, which however 
possesses the same anisotropy properties as the herein applied Hill48 model. This work lays the 
basis for a parametric study on the influence of advanced plasticity characteristics to understand 
when certain phenomena are relevant for reliable and versatile clinching of sheet metal. To 
quantify the effect of the geometric changes on the joint strength, for instance pull-out tests can be 
utilised in future work as part of a continuous simulation chain. 
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Abstract. Cyclic strength is essential in many lightweight design concepts where the design is to 
be pushed to the limits of strength. While joining dissimilar metals such as aluminum and steel is 
a challenge of its own, fatigue life prediction for this joining type is all the more challenging. Here, 
clinching as a mechanical joining process offers many advantages. However, a generalized 
evaluation of the fatigue properties is complex since many influencing factors, such as the joint's 
geometry, the high plastic deformation, the proportion of bonding mechanisms, have to be 
considered. Force versus number of cycles (F-N) curves are the established basis to describe the 
fatigue behavior of clinch joints. However, a generalized evaluation of the service life requires 
stress  versus number of cycles (S-N) curves. This research gives a first approach to transferring  
F-N curves to S-N curves on the basis of nominal stress determination in the damage relevant 
clinch cross section. The material combination used, EN AW-6014 and HCT590, offers excellent 
practical relevance since both materials are widely used in the automotive industry. 
Introduction 
Clinching is a mechanical joining process that has the potential to save immense amounts of 
energy. As a form-closure and force-closure process, clinching offers the advantage that it can be 
used for hybrid material combinations [1]. Especially in the mobility sector where clinching is 
used, i.e., in skin sheet applications. Here joining aluminum and steel can contribute to a significant 
weight reduction and thus help saving fuel consumption. Clinching also offers the advantage that 
materials can be joined without the need for auxiliary parts or high temperatures during the joining 
process. 

Clinching is a versatile process allowing a vast variety of joining constellations. Clinching 
allows the joining of different sheet thicknesses, materials and surface conditions. Kalich and 
Füssel [2] have analyzed the influence of the surface condition on the properties and the binding 
mechanisms of the joints. In addition, joining more than two sheets is possible, and the 
corresponding layer architecture can be chosen individually. In another work, Kalich and Füssel 
[3] found that the joining direction however influences the mechanical behavior. In addition, the 
toolset geometry can change the mechanical properties of the joints, too, as was shown by Ewenz 
et al. [4]. The versatility of clinching makes a classical fatigue evaluation difficult since the stresses 
in the most critical area are unknown. Furthermore, it was shown in [5] that the failure mode is 
load-dependent. As a result, clinch joints are typically evaluated on a joint-to-joint basis by looking 
at the force versus number of cycles (F-N) curves. 

However, a stress versus number-of-cycles curve (S-N curve) is required to enable a 
quantitative comparison between different clinch joints. In this work, an aluminum alloy 
EN AW-6014 and a HCT590X+Z dual-phase steel were used in different sheet thicknesses to 
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produce clinch joints and evaluate the fatigue behavior and a first approach is presented, which 
allows a transfer from a F-N curve to a S-N curve.  
Material and Method 
The aluminum alloy EN AW-6014 and the dual-phase steel HCT-590X+Z were used for the 
experimental tests. A 2 mm thick sheet was used for the Al-Al clinch joint and a 1.5 mm thick 
plate for the St-St joint. The Al-St mixed joint consisted of a 1 mm aluminum sheet and a 1.5 mm 
steel sheet. 

EN AW-6014 is a precipitation hardening alloy that has good formability in the T4 condition 
(solution annealed and quenched) and high strength after heat treatment to adjust the artificially 
annealing condition (T6). The clinch joints were designed to correspond to the established quality 
standards, i.e., no initial cracks, a symmetrical formation of the joint and no apparent gaps. 
Furthermore, all connections were processed with a conical punch, and an 8 mm fixed round point 
die to ensure good comparability. However, the punch diameters varied slightly between 4.8 mm 
and 5.6 mm to achieve a good quality of the joints. Fig. 1 schematically shows the clinching 
process. First, the sheets were fixed between the punch and the die. Subsequently, the punch moved 
towards the die until a predefined position was reached. This procedure achieves characteristic 
clinch point geometries according to the tool geometry (punch and die). The bottom thickness was 
used as a non-destructive quality parameter because this parameter can be used for a known 
geometry to conclude other geometric features such as undercut and neck thickness [6]. After the 
joining process, the joints containing aluminum are heat treated for 20 min at 185°C (T6) to 
increase the strength of the material.  

 

Fig. 1 Tool design and general process for clinching with closed die [7] 
Metallographic cross-sections were prepared for the three different clinch joint geometries. For 

this, the clinch joints were cut, grinded and polished exactly to the middle of the joint. These cross-
sections served to determine the geometrical features. Fig. 2 (a) shows a schematic cross-section 
with the geometrical features, neck thickness n, undercut u and the bottom thickness b.  

blank holder joining partners die punch 
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Fig. 2 (a) Schematic cross-section of a clinch joint with the geometrical features neck 
thickness n, undercut u and bottom thickness b, (b) geometry of single-lap shear specimens with 

alignment plates (black) as used for the mechanical testing 
Flow curves were taken from the base materials using a layer compression test and are 

characterized by a biaxial stress condition. A Hocket-Sherby extrapolation was applied to calculate 
plastic strains higher than 0.5. Fig. 4 shows the flow curves of the base materials. The HCT590X+Z 
reaches higher stress levels than the AW-6014 in the T4 condition. 

Fatigue tests were carried out using single lap-shear specimens made by two 105 mm x 45 mm 
sheets with a 16 mm overlap area (Fig. 2 (b)) using the resonance pulsation test system, Testronic 
by Rumul. About 20 specimens for each series were tested in a range of 105 to 107 load cycles. 
The load ratio applied was 0.1 in order to avoid buckling or bending of the specimens. The test 
frequency was about 70 Hz. When the specimens were broken or a frequency change of 5 Hz 
occurred, the test stopped. Specimens with more than 107 load cycles are marked as run outs. 
Visual inspection of the fracture surfaces in a scanning electron microscope revealed the 
corresponding failure modes.   
Results 
Cross-sections of the three different clinch joint geometries are shown in Fig. 3 and the 
corresponding values for the geometrical features can be found in Tab. 1. It can be seen, that each 
clinch series differs with regard to their geometrical features, which is a result of the different 
diameters of the conical punch applied. Nevertheless, they are all validated as joints with sufficient 
quality related to conventional standards. This means, no cracks could be observed after the joining 
process, the neck thickness-undercut ratio was acceptable and all connections were symmetrical.   

    

Fig. 3 Cross-section of the different clinch joints (a) Al-Al clinch joint, sheet thickness 2 mm; (b) 
St-St clinch joint, sheet thickness 1.5 mm; (c) Al-St clinch joint, sheet thickness Al-sheet 1 mm 

and St-sheet 1.5 mm 
 

  

c)
 
 

b)
 
 

a)
 
 

b) 

a)
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Table 1. Geometrical features of the different clinch joints 

 

 
Fig. 4 Flow curve of the base materials 

The results of the fatigue test show pronounced differences between the cyclic strength of the 
three clinch joint configurations. The St-St joints have the highest fatigue strength, while the Al-
St joints show the lowest fatigue strength (Fig. 5 (a)). All clinch joint series display the same main 
failure mode, i.e. neck fracture, as depicted in Fig. 5 (b). Furthermore, it should be pointed that in 
the case of the Al-St joints, failure always occurred in the aluminum sheet. 
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Fig. 5 a) F-N Curve of three different clinch joints and b) exemplary images of the main failure 

behavior of these clinch joints after fatigue testing 
Development of an S-N-Curve 
Two main factors significantly contribute to the fatigue behavior of the individual clinch joint 
configurations. On the one hand, an initial deformation is induced through the forming process 
during clinching, which can be interpreted as a kind of residual stress stored in the severely 
deformed microstructure. On the other hand, the cyclic load amplitude introduced during fatigue 
testing causes a local stress peak due to the complex geometry of the clinch joint.  

0.0 0.5 1.0 1.5 2.0

200

400

600

800

1000

1200

Fl
ow

 st
re

ss
 S

F [
M

Pa
]

Plastic strain ε [-]

 HCT590X+Z
 EN AW-6014

Flow curve

experimental data Hocket-Sherby extrapolation

Parameter Al-Al  St-St Al-St 
Neck thickness [mm] 0.42±0.03 0.36±0.01 0.23±0.04 

Undercut [mm] 0.26±0.05 0.21±0.02 0.20±0.00 
Bottom thickness [mm] 1.07±0.01 0.75±0.01 0.70±0.06 

Punch side 
material 

St 

Al 

St 

St 

Al 

Al 

Die side 
material 

b) a)
 
 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 141-146  https://doi.org/10.21741/9781644902417-18 

 

 
145 

The post-mortem fractographic analyses of the fatigue test specimens showed that irrespective 
of the different cyclic strengths, all clinch joints show failure starting from the neck area. Based 
on the metallographic and the fractographic analyses the nominal area A assumed as ring area in 
the neck can be determined. As a consequence, the nominal stress introduced in this area through 
the fatigue loading can be calculated, too. To obtain the afore defined residual stress introduced 
by the plastic straining during the clinch process, the plastic strain was calculated at  most critical 
area. These calculations resulted in plastic strain values of about 1.5 for all three series. The 
corresponding flow stress SFS is obtained from the Hocket-Sherby extrapolation. These values 
result in a normalization factor for the fatigue results according to the superposition principle (see 
Eq. 1).  

 

𝑆𝑆 =  𝐹𝐹𝐴𝐴
𝐴𝐴

+ 𝑆𝑆𝐹𝐹𝐹𝐹 (1) 

 
In Fig. 6 the fatigue results from Fig. 5 are transferred to the stress versus number of cycles 

format, applying the aforementioned superposition principle to define the correlating stress 
amplitudes. While the St-St joints still show a much higher fatigue strength, the Al-Al joints and 
the Al-St joints no longer show such a pronounced difference than is the case of the F-N curves. 
Hence, the transfer of the F-N curves to S-N curves clearly corresponds to the expected cyclic 
strength of the failure relevant base material, the aluminum sheet. However, a remaining 
discrepancy in fatigue behavior can neither be explained by the clinch joint geometry nor the 
predeformed and hence strengthened material. 
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Fig. 6 a) S-N curve of all clinch joint constellations, b) detailed image of the main failure 

behavior of Al-Al (blue) and Al-St joint (red) the arrow marks the plastic deformation on the 
remaining cup. 

Fig. 6 (b) shows that the remaining aluminum cup in the lower steel sheet of the Al-St joint has 
a pronounced plastically deformed zone (marked by an arrow) compared to the Al-Al joints. This 
difference in failure mode proves that the local loading situation must be influenced by additional 
factors. As a matter of fact, the current approach did not consider the likely influences of the 
binding mechanisms which will be the focus of future research. However, the investigations 
presented, provide a first approach to obtain S-N curves for clinch joints and thus pave the way for 
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a more generalized lifetime prediction of clinch joints considering the particular needs of 
versatility. 
Summary 
St-St, Al-Al and Al-St clinch joints were manufactured. Fatigue tests of the joints were carried out, 
and the fracture surfaces were analyzed, subsequently. An approach to transfer the force versus 
number of cycles (F-N) curve into a damage-relevant stress versus number of cycles (S-N) curve 
was established for a neck fracture failure mode. The approach considered the damage-relevant 
nominal stresses calculated for the neck area based on the fatigue tests' forces and the clinch 
process's initial stresses.  
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Abstract. The combination of the mechanical properties of a clinched joint and of the material 
surrounding the joint determine the resulting properties of the component and joint. The cause and 
effect relationships between the joint and the joint environment offers the possibility of a specific 
modification through an adaptation in the design process. In order to identify these cause and effect 
relationships and resulting interactions experimentally, numerous of experiments are required. In 
this publication, a concept for the automated manufacturing of head tensile test and shear tensile 
test specimens – from cutting to clinching – by using a punch laser machine is presented. Based 
on a full-factorial experimental design, the parameters change of the properties of the joint 
environment by beading and change of the punch displacement are addressed. The influence on 
the properties of the clinched specimen is evaluated based on the variables stiffness, force at the 
beginning of yielding and maximum force at head tensile loading and shear tensile loading. In 
addition, the geometric quality parameters of neck thickness, interlock and bottom thickness are 
evaluated. The relationships can be used to apply uniform loads to joints in joined structures to 
counteract oversizing. 
Introduction 
In joined structures, the joints are loaded unevenly. The aim in the design process is to achieve an 
even loading of the joints in order to avoid oversizing of the joints or an oversized number of 
joints. The loading of the joints can be influenced by adjusting the joints, the position of the joints 
or the components. For the targeted use of cause and effect relationships between components and 
joints in their design phase, it is absolutely necessary to understand them. For example, the joint 
environment can be influenced by the removal of material, the accumulation of material, or the 
forming of beads [1]. The loading of the joints can be influenced by such a change of the joint 
surroundings. In addition, there are influences at the joint level due to the joining process. For 
example, the punch displacement or the punch diameter can be changed there in order to modify 
the properties of the clinched joint. In order to identify these cause and effect relationships and 
resulting interactions experimentally, numerous tests are required. For this purpose, a concept for 
the automated production of head tensile test and shear tensile test specimens – from laser cutting 
up to clinching – by using a punch laser machine is presented. For the evaluation of the joint 
properties, the stiffness, the force at the beginning of yielding and the maximum force at head 
tensile and shear tensile loading are evaluated. In addition, the geometric quality parameters of the 
clinched joint are evaluated. The obtained interrelationships can be directly used in the load-
oriented adaptation of the joining design of structures in order to adapt the loading in individual 
joints during the design process. 

For lightweight construction purposes, thin sheets of higher strength can be used to transmit 
tensile and shear forces. However, they have low dimensional stiffness. As a result, they are 
susceptible to failure under other types of loading and require stiffeners for large-area parts in 
order to maintain the load-bearing capacity and safety against failure due to instability such as 
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buckling. By forming beads into components, it is possible to change the stiffness locally. The 
influence of beads depends on both the geometry of the bead and the bead orientation and 
arrangement of multiple beads. Trzesniowski gives guidance for the design and arrangement of 
beads based on various examples [2]. Emmrich developed a finite-element-method (FEM) based 
method for the design of beads for support structures subjected to bending loads in the design 
process [3]. There are manby studies that are concerned numerically and experimentally with the 
design of clinching tools and their influence on the clinched joint properties. Ewenz et al. analyzed 
the influence of different punch geometries on the quasi-static and fatigue behavior of the clinched 
joints [4]. Mucha analyzed the lock-forming mechanism in the clinched joint in numerical and 
experimental studies [5]. The interlock can be influenced via the tool geometry and the punch 
displacement, whereby the punch displacement had almost no influence on the neck thickness in 
the investigated ranges. Studies that combine the influence of tool parameters, process parameters 
and the design of the joint environment are not known. 
Experimental procedure 
A TruMatic 1000 fiber punch laser machine from Trumpf is used for the automated production of 
head tensile and shear tensile specimens. This can be used to process sheet metal by laser cutting, 
punching and forming operations. The work on automated production and subsequent clinching of 
head tensile test and shear tensile test specimens requires adaptation of the existing tool systems 
for punching and forming operations. This is necessary because these are only designed for the 
processing of one sheet and not, as is usual for mechanical joining, for at least two sheets arranged 
one above the other. For this purpose, typical clinching tools were combined with the tools of the 
machine manufacturer. Fig. 1 b) shows an adapted clinching tool in a tool holder. Like a 
conventional clinching tool, it consists of a die and a punch. The die has a stripper which presses 
the sheet out of the die after the joining process, because the die is fixed and cannot be moved 
down on the system side. The punch has a polyurethane stripper. Fig. 1 c) shows the installed 
clinching tool with a stripper on the punch side. The punch can be moved in the y and z directions 
of the machine. The x-movement is realized by moving the sheet. Reverse arrangement of punch 
and die is also possible and offers advantages for other specimen configurations. However, for the 
results presented in this publication, only the tools shown in Fig. 1 are used. The processing 
sequences are determined when the NC program is created using the TruTops Boost software. 

 

 
Fig. 1: a) Punch laser machine, b) Adapted clinching tool set (for visibility without punch 

stripper) fixed in the tool holder, c) Tool with punch stripper installed in the machine 
The process is divided into two steps. Firstly, the preparation of the two sheets to be joined and 

secondly, the clinching itself. The sheets to be joined are first processed separately. Fig. 2 shows 
the design of the sheets to be joined using the example of shear tensile test specimens. The 
individual parts of the specimens are positioned in the sheets in such a way that when the sheets 
are stacked one on top of the other, the individual parts are in alignment with each other and can 
later be released from the sheet composite as a finished specimen after the clinching process. For 
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this purpose, the individual parts of the specimens are fixed in the sheet with micro joints. Micro 
joints are a small connection between the blank and the workpiece, with the task of fixing the 
workpiece in the blank. In order to be able to extract the finished specimens from the sheet metal 
composite after joining, it is necessary to provide cutouts at the required locations. In addition to 
cutting operations performed by laser, beads can also be formed at this stage. The beads influence 
the properties of the specimens in the joint surroundings. The beads change the stiffness of the 
structure and changes the deformation behavior of the specimens. For the manufacturing of the 
beads, a standard tool for the production of endless beads with a semicircular profile was used, 
which was selected based on the sheet thickness. The beading tool has a height of 2 mm with a 
width of 4 mm. A change in bead geometry and its influence is not part of this investigation. The 
two sheets are then stacked and joined by clinching. The sheets are aligned by using the machine-
side fixed point. Due to the automation, joints with different process parameters or different tools 
can be produced in a short time without any manual procedure. Finally, the specimens can be 
removed from the sheet and mechanically tested in tensile test or prepared for micrographs. The 
dimensions of the shear tensile test specimens and head tensile test specimens are according to 
EFB/DVS 3480-1 [6]. The dimensions of the shear tensile test specimens are 105 mm x 45 mm 
with an overlap length of 16 mm. The head tensile test specimens have the dimensions 
150 mm x 50 mm. 

 

 
Fig. 2: Sheet metal layer before clinching, a) Lower sheet, b) Upper sheet, c) Stacked sheets, d) 

Detailed view of stacked sheet metal for clinching of shear tensile test specimen 
Fig. 3 shows the specimen types used for investigations. Fig. 3 a) shows the shear tensile test 

specimens in the variants transverse bead, no bead and longitudinal bead. Fig. 3 b) shows the head 
tensile test specimens and the respective arrangement of the beads. The beads are arranged in the 
upper sheet in both variants. In addition, specimens for the preparation of micrographs are 
manufactured. Two connections were analyzed. 2 x s0 = 1.5 mm HCT590X using a die with a 
diameter of 8 mm and depth of 1.6 mm (TOX BD8016) combined with a punch of 5 mm diameter 
(TOX A50100) and 2 x s0 = 2.0 mm EN AW-6014 using a die with a diameter of 8 mm and a depth 
of 1.2 mm (TOX BE8012). The used punch has a diameter of 5 mm (TOX A50100). 
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Fig. 3: Specimen for a) Shear tensile test, b) Head tensile test in the variants no bead, bead 

longitudinal and bead transverse 
An experimental analysis is carried out based on a full-factorial design of experiments. The 

maximum forces under head tensile loading and shear tensile loading, the beginning of yielding, 
the stiffness and the characteristic parameters of neck thickness, interlock and bottom thickness 
are evaluated. The test design is based on the parameters given in Table 1 and is identical for both 
material combinations. For each variant, 7 specimens are manufactured and tested. For each of the 
two joint types 189 specimens were manufactured and tested. The head tensile test and shear tensile 
test are performed on a universal testing machine (Inspekt 250, Hegewald & Peschke) and the 
force and the crosshead displacement are measured. 

 
Table 1: Varied parameters 

Parameter level Beads Bottom dead center / (punch displacement change) 
-1 Transverse +0.1 mm (less punch displacement) 
0 No 0 mm 
+1 Longitudinal -0.1 mm (more punch displacement) 
 

Results 
The results for the 2 x s0 = 1.5 mm HCT590X connection are described below. Changing the punch 
displacement leads to a change of the bottom thickness and to a change of the interlock. If the 
bottom thickness is reduced, the formation of the interlock increases. The neck thickness, on the 
other hand, is not significantly affected by changing the punch displacement, see Fig. 4. 
 

 
Fig. 4: Geometric quality parameters bottom thickness, neck thickness and interlock of the 

connection 2 x s0 = 1.5 mm HCT590X, 7 specimens per series 
Fig. 5 shows an example of the mean value curves from shear tensile tests and the scatter range 

of the maximum forces of the seven repetitions in each case. A change in the joint environment 
due to beads or a change in the punch displacement does not lead to any significant change in the 
maximum forces in the shear tensile test when considering the scatter width, see Fig. 5 a), b) and 
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c) - left. On average, an increase in the maximum force due to beads in the longitudinal direction 
can be observed, see Fig. 5 a), b) and c) - right. In all cases, the clinched joints failed due to neck 
cracking. 

 

 
Fig. 5: 2 x s0 = 1.5 mm HCT590X, left: Mean value curves of shear tensile tests with 7 

repetitions and scatter of maximum forces, right: Detailed view: a) -0.1 mm (more punch 
displacement), b) Reference level, c) +0.1 mm (less punch displacement) in the variants no bead 

(nb), bead longitudinal (bl) and bead transverse (bt) 
The stiffness of the specimen can be influenced by beads and changes the deformation behavior 

of the specimens. The change in deformation behavior has an influence on the loading of the joint. 
Thus, beads can be used to influence the loading of the joints. Compared to a specimen without 
beads, beads in the longitudinal direction increase the force at the beginning of yielding for all 
punch displacements in the shear tensile test and the head tensile test, see Table 2. By adding 
beads, the beginning of yielding can be shifted and the energy absorption of the clinched joint in 
the elastic range can be influenced. At the start of yielding, plastic deformation begins and thus 
the failure of the joint. The yield point and the stiffness can also be influenced by varying the 
punch displacement. In the shear tensile test beads in the transverse direction leads to a reduction 
in stiffness, while stiffness is not affected by beads in the longitudinal direction. In the head tensile 
test beads in the longitudinal direction leads to an increase in stiffness. Beads in the head tensile 
test have a greater influence on the properties, especially in the case of plastic deformation. 
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Table 2: Mean values of the Stiffness and yield force for the shear tensile test and head tensile 
test for the connection of 2 x s0 = 1.5 mm HCT590X 

Parameter Shear tensile test Head tensile test 
Stiffness [N/mm] Yield force [N] Stiffness [N/mm] Yield force [N] 

nb_-0.1 23380 2586 1420 851 
bl_-0.1 22930 2848 1680 1015 
bt_-0.1 20620 2601 1750 870 
nb_0 22500 2504 1670 659 
bl_0 22330 2782 1730 913 
bt_0 20300 2478 1430 849 
nb_+0.1 21410 2404 1510 765 
bl_+0.1 21670 2662 1700 925 
bt_+0.1 19280 2447 1460 882 

 
In the following the results for the 2 x s0 = 2.0 mm EN AW-6014 connection are described. For 

the parameters bottom thickness, neck thickness and interlock, the same effects were found as for 
the investigated steel connections, see Fig. 6. But there the influences on the interlock formation 
were more clearly visible. 

 

 
Fig. 6: Geometric quality parameters bottom thickness, neck thickness and interlock of the 

connection 2 x s0 = 2.0 mm EN AW-6014, 7 specimens per series 
For the connection 2 x s0 = 2.0 mm EN AW-6014 Fig. 7 shows the mean value curves from 

shear tensile tests and the scatter range of the maximum forces of the seven repetitions in each 
case. Based on the measurement data, only a change of maximum forces for parameter less punch 
displacement and beads in a longitudinal direction can be detected. For the other parameter 
combinations, no significant changes in the maximum forces can be detected. A change in the joint 
environment due to beads or a change in the punch displacement does not lead to any significant 
change in the maximum forces in the shear tensile test when considering the scatter width, see Fig. 
5 a), b) and c) - left. On average, an increase in the maximum force due to beads in the longitudinal 
direction can be observed, see Fig. 5 a), b) and c) - right. In all cases, the clinched joints failed due 
to neck cracking. 
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Fig. 7: 2 x s0 = 2.0 mm EN AW-6014, left: Mean value curves of shear tensile tests with 7 
repetitions and scatter of maximum forces, right: Detailed view: a) -0.1 mm (more punch 

displacement), b) Reference level, c) +0.1 mm (less punch displacement) in the variants no bead 
(nb), bead longitudinal (bl) and bead transverse (bt) 

In the shear tensile test, only a minimal to no influence of the beads could be determined for 
the connection 2 x s0 = 2.0 mm EN AW-6014 in total, see Table 3. In the head tensile test, a bead 
in the transverse direction reduces the stiffness and the beginning of yielding. No significant 
differences were found between the variants with no bead and with a bead in the longitudinal 
direction, see Tab. 3. 

 
Table 3: Mean values of the Stiffness and yield force for the shear tensile test and head tensile 

test for the connection of 2 x s0 = 2.0 mm EN AW-6014 

Parameter Shear tensile test Head tensile test 
Stiffness [N/mm] Yield force [N] Stiffness [N/mm] Yield force [N] 

nb_-0.1 10970 1486 1300 623 
bl_-0.1 11360 1530 1340 650 
bt_-0.1 10550 1526 1050 501 
nb_0 11690 1447 1060 631 
bl_0 11450 1468 1340 617 
bt_0 11040 1398 1030 577 
nb_+0.1 10810 1502 1260 565 
bl_+0.1 11290 1476 1310 647 
bt_+0.1 10410 1490 1070 526 
 
Due to the large sheet thickness of 2.0 mm, high basic stiffness of the sheet is assumed, so that 

the beads have only a minor influence on the properties. Since stiffness is a geometrically based 
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parameter and depends on the second moment of area, a greater influence of beads is to be expected 
with thinner sheets. This was also shown in the first tests and will be investigated in future work. 
Summary and outlook 
A concept and its implementation for the automated production of head tensile test and shear 
tensile test specimens using a punch laser machine were presented. By adapting the tooling systems 
and smart programming of the NC code, individual specimens with varying process parameters or 
tool geometries can be produced in a short time. This allows numerous test specimens with 
different process and tool parameters to be manufactured and experimentally investigated at a 
relatively low time and effort. 

Based on the first evaluated data sets, it was possible to show that the resulting properties can 
be influenced by changing the joint environment and the process-side parameters. Beads can be 
used to influence the stiffness of the specimens. Changing the stiffness of the specimens modifies 
the deformation behavior and thus influences the loading of the joint. In particular, the properties 
in the linear-elastic range could be influenced in the case of the joints investigated. It can be 
assumed that the influence of the beads is strongly dependent on the sheet thickness and that the 
effects themselves are not dependent on the material. The ongoing expansion of the test plan is 
taking place in order to expand the database and thus analyze the cause and effect relationships in 
greater depth. This knowledge can be used in the design of components with multiple clinched 
joints in order to set a uniform loading at the joints. As the experimental investigations proceed, 
interactions between the individual parameters will also be evaluated so that they can be taken into 
account in the design or used specifically to influence the properties of the joint. This knowledge 
about the cause and effect relationships is used in further work in the development of a design 
method for the load-adapted design of joints and components and thus provides a direct 
contribution to increasing the versatility of the clinching process chain. 
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Abstract. Force-displacement measurements and macrosections are commonly used methods to 
validate numerical models of clinching processes. However, these ex-situ methods often lead to 
springback of elastic deformations and crack-closing after unloading. In contrast, the in-situ 
computed tomography (CT) can provide three-dimensional images of the clinching point under 
loading conditions. So far, the quantity of elastic springback that causes measuring deviations 
between in- and ex-situ measurements is not determined. In this paper, a method is described to 
quantitatively compare the results of in-situ CT, ex-situ CT and CT scans of cut specimens, which 
are prepared for macrosectioning, among each other. The method is applied to a single-lap shear 
test of two clinched aluminum sheets. Here, the test is conducted to specific process steps, then 
the specimen is CT scanned in-situ (during loading) and ex-situ (after unloading). Subsequently, 
the specimens are cut for macrosectioning and CT scanned. Finally, the outer contours and the 
interfaces of cross section images are determined by digital image analysis and the deviations over 
the clinching point between ex- and in-situ methods are calculated. 
Introduction 
Clinching is a joining technology that has various advantages. Clinching points exhibit good 
mechanical properties, they are media-tight, various materials can be joined and they are cost 
efficient [1]. Since the joint is primarily characterized by a form- and force-fit, joining partners 
can be separated easily during recycling [2]. The validation of numerical models for example of 
shear tests [3] with clinching points is usually done by comparing the load-displacement behavior 
and the deformation state at discrete displacement levels. Here, the deformation state is usually 
extracted in a single cross section using destructive macrosectioning or – more recently – ex-situ 
computed tomography (CT) [4]. The basics for the CT measurement method are described in [5]. 

However, using these ex-situ methods, elastic deformations reset and cracks might close before 
the specimen is investigated. Additionally, during preparation for macrosectioning, the joint 
deforms due to residual stresses. These influences are usually not considered in the numerical 
model or can cause errors. Consequently, these methods only allow an imprecise validation. 
Moreover, only a single deformation state of the same specimen can be used for validation, leaving 
the development of the deformations over the process unrevealed. Thus, conclusions about the 
cause for possible deviations between numerical model and experiment are difficult to be drawn. 

These disadvantages can be eliminated using the in-situ CT. Here, the investigated process is 
conducted inside a CT system. In order to conduct CT scans, the process needs to be interrupted 
and halted at displacement points of interest. Subsequently, the CT scans are used to reconstruct 
and create digital three-dimensional images of the specimen at the respective displacement level. 
This method is increasingly applied for joining and testing processes. For example, Füßel et al. 
benefitted from investigating the testing process under loading when analyzing the damage in 
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single overlapping adhesively bonded riveted lap joints of fiber reinforced plastics and aluminum 
in lap shear tests [6]. Kunz et al. showed that CT visible markers inside an adhesive can be used 
for measuring the internal displacement field of the adhesive during loading [7]. Furthermore, in-
situ CT was used by Pottmeyer et al. to investigate the damage of carbon fiber reinforced plastics 
due to the deformation of inserts under tensile loading [8]. Regarding clinching points, the in-situ 
CT method for shear tests with clinching points was introduced in [9]. Here, the force-
displacement behavior and the cross section was compared qualitatively between numerical model 
and experiment. Furthermore, it was shown that due to the limited resolution and the partial cold 
welding, the interface between the joining partners of the same material was not visible in the CT 
scan. Therefore, radiopaque substances were placed in between the joining partners before joining. 
In [10] the feasibility of different substances to increase the visibility of the interface in CT scan 
was investigated. 

Usually, in- and ex-situ CT scans are used to qualitatively assess the formation and geometry 
of clinching points. However, for validation of numerical models, a quantification is preferable.  
Thus, the objective of this paper is to present a method that enables the quantitative comparison of 
outer contours and interfaces from clinching points. The method is applied on a shear test with 
clinching points. Here, the specimens are investigated in in- and ex-situ CT scans (cf. Fig. 1 a) 
using a CT set-up described in Fig. 1 b and c. Additionally, after unloading, the specimens are cut 
as for macrosectioning. The introduced method is used to quantify the deviations between in-situ 
CT, ex-situ CT and macrosectioning. The deviations are discussed regarding the suitability of the 
different measurement methods for validating numerical models. 

 

 
Fig. 1: Schematic process of ex-and in-situ CT scans during the shear test (a), CT set-up (b), 

close-up view of the actual specimen (c) and dimensions of the specimen (d) 
Materials and Methods 
Specimen preparation and geometry. Two sheets made of EN AW-6014-T4 (2.0 mm thickness)1 
are overlapped and clinched with the punch A50100 and the related die BE80122 (cf. Fig. 1 d). As 
described in [10] a 0.01 mm thick tin foil is positioned in between the sheets prior clinching in 
order to enhance the visibility of the interface in the CT scan. After clinching, the specimens are 
heat treated at 458.15 K for 20 min. It represents a paint bake treatment commonly applied in 
automotive industry, whereby the aluminum material reaches T6 state. The testing device used for 
the in-situ CT shear tests requires slim clamps. Thus, the used specimens exhibit a width of 37 mm 
deviating from the standard ISO 12996 [3] (cf. Fig. 1 d.). 

 
1 Advanz™ 6F-e170, Novelis Inc., Atlanta, USA 
2 TOX PRESSOTECHNIK GmbH & Co.KG, Weingarten, Deutschland 
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Shear test and CT measurement. The shear specimens are tested with an universal testing 
machine ZwickRoell Z2503. The in-situ testing set-up CT-System FCTS 160 - IS4 is situated in 
between the columns of the testing machine. It consists of a microfocus transmission tube FORE 
160.01C TT (160 kV, 1 mA, 80 W, min. focal spot size < 3 µm) as X-ray source and a digital 
scintillation detector PaxScan 4030E DRZ-Plus5 (pixel size = 127 µm, 3200 x 2300 pixels, 14 bit). 
Here, the X-ray-system rotates around the test set-up (cf. Fig. 1 b.). In a CT scan, X-ray projections 
are taken from the test set-up at defined angular steps. In order to investigate the influence of the 
testing machine’s crossbeam displacement on the deviations, three different displacement levels 
are investigated using three specimens for each level. At the displacement level, the cross beam is 
held at constant position and an in-situ CT scan is conducted (ca. 15 min). Then, the test specimen 
is unloaded for an ex-situ CT scan. One specimen of each displacement level is prepared for 
macrosectioning. In order to facilitate the evaluation, the cut specimens are investigated by CT 
instead of microscopy. The CT and testing parameters are shown in detail in Table 1. 

 
Table 1: Parameter of the CT measurement and the tensile testing 

Domain Parameter Entity Value 

C
T

 m
ea

su
re

m
en

t Acceleration voltage [kV] 150 
Tube current [µA] 30 
X-ray projections [-] 1440 (4 per 1°) 
Exposure time [ms] 625 
Voxel size [µm] 7.58 
Magnification [-] 16.8 
Focal spot size [µm] ca. 3 
Physical filter [mm] 0.35 (carbon diamond) 

T
en

si
le

 
te

st
in

g Displacement levels for CT scans [mm] 0; 0.3; 0.65; 1.00 
Pre-load [N] 60 
Testing speed [mm/min] 2 

The volumes are reconstructed with the Feldkamp algorithm in Cera eXplore6. Then, the 
volumes are edited in VG Studio Max7. Here, a cylinder is fitted to the outer surface of the die-
sided sheet. Finally, for each specimen and displacement level, a cross section image is created 
with the section defined by the cylinder’s symmetry axis and the axis along the testing direction. 

Digital image editing. Using MATLAB8 algorithms, the outer contour and the interface visible 
in the cross section images are extracted respectively. The contour is defined as a curve of one 
pixel thickness marking the boundary between material pixels of the punch-sided sheet (grey value 
>1) and air (Fig. 2 c).The extraction of the outer contours is described in the following and is 
visualized in Fig. 2. 
  

 
3 ZwickRoell GmbH & Co. KG, Ulm, Deutschland 
4 Finetec FineFocus Technologies GmbH, Garbsen, Deutschland 
5 Varian Medical Systems Inc, Palo Alto, USA 
6 Version 2.3.1 Siemens Healthcare GmbH, Erlangen, Deutschland 
7 Version 2.2, Volume Graphics GmbH, Heidelberg, Deutschland 
8 R2022a, The MathWorks, Inc., Natick, USA 
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1. Gaussian filtering (imgaussfilt(original_image,0.5)) to reduce image noise. 
2. Binarization (original_image<=1) to assign a grey value to all material pixels (cf. Fig. 2 b). 
3. Median filtering (medfilt2(original_image,[30 30])) to reduce the impact of artefacts. 
4. Contour extraction (bwmorph(original_image,'remove')) to remove interior pixels leaving 

the outer contours of the sheets (cf. Fig. 2 c). 
5. Manual removal of falsely assigned pixels, which are caused by artefacts. 

 

 
Fig. 2: The original cross section image from the CT scan (a) and the extraction steps 

binarization (b) and contour extraction and manual removal of false pixels (c) 
The interface is defined as a one pixel thick curve which marks the center of the tin layer where 

the sheets are pressed together and where the tin layer sticks to the punch-sided sheet (cf. Fig. 2 a). 
When the tin layer sticks to the die-sided sheet, the contour of the punch-sided sheet is taken from 
the outer contour extraction and added to the interface curve manually. The extraction of the 
interface using the tin layer is described in the following and is visualized in Fig. 3. 

1. Binarization (Original_image>175) to extract the tin layer pixels. 
2. Removal of falsely assigned pixels, which are caused by artefacts. 
3. Thickening (imdilate(original_image,strel('disk',20)) of the pixels to fill gaps and smooth 

of the curve of the tin layer. 
4. Thinning bwmorph(original_image,'thin',Inf) of the thickened layer to a curve with a 

thickness of one pixel. 
 

 
Fig. 3: The original cross section image with focus on a half of the interface (a) and the 

extraction steps binarization (b), thickening (c) and thinning (d). 
Comparison procedure. The extracted contours and interface curves are compared 

quantitatively. For this purpose, both images have to be aligned. Therefore, the coordinate origin 
is defined by the symmetry curve and the outer contour of the die-sided sheet as this sheet barely 

(a) (b) (c) 

Tin layer sticks 
to die-sided sheet 

Tin layer sticks 
to punch-sided sheet 

Die-sided sheet 

Punch-sided sheet 

Outer contour 
Tin layer (sheets are 

pressed together) 

(a) (b) (c) (d) 
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deforms (cf. Fig. 4 a). The extracted contours and interfaces of an in- and ex-situ CT scan and the 
qualitative comparison of these curves can be exemplarily seen in Fig. 5. 

    
Fig. 4: Definition of the coordinate system (a) and of the regions for the extraction of the 

measurement points (b) 

 
Fig. 5: Extracted contours (in-situ: red, ex-situ: yellow) and interfaces (in-situ: blue, ex-situ: 

green) from the specimen C04_A_CV_261 (displacement 0.65 mm): in-situ CT (a), ex-situ CT (b) 
and comparison (c). 

For the comparison of the contours and interfaces, the respective pixels (measurement points) 
of the reference image need to be read in along the interface direction. Here, the algorithm detects 
the coordinates of the first measurement point in each row. In order to correctly read in the 
measurement points along the contour or the interface, the image is divided into six regions with 
specific row and column directions (cf. Fig. 4 b). Then, the minimum distance between one 
measurement point of the reference image and each measurement point of the comparing image is 
calculated. The minimum distance accounts for the deviation at this measurement point. This is 
repeated for all measurement points of the reference image.  
Results 
Visualization of deviations. The deviations can be visualized in two ways, which can be 
exemplarily seen for the interface in Fig. 6 a and b. In Fig. 6 a, the pixel coordinates of the 
measurement points of the contour are plotted. Additionally, the measurement points of the ex-situ 
CT are colored indicating the absolute deviation from the ex-situ CT measurement. Thus, the 
direction and size of the deviations can be concluded. In Fig. 6 b, the measurement points of the 
ex-situ CT are shown in sequence on the axis of abscissae and the absolute deviation at each 
measurement point is shown on the axis of ordinates. Thus, with this plot, the size of the deviations 
over the clinching point in relation to the average deviation can be compared more easily. In order 
to facilitate compatibility of both plots, marking points (green) indicating particular measurement 
points can be seen in both plots. 

(a) (b) (c) 
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Fig. 6: Plots of the interface in the ex-situ CT (grey) and in the in-situ CT (coloured according to 

the absolute deviation from ex-situ CT) (a) and absolute deviation between ex-and in-situ CT 
against measurement points (b) for C04_A_CV_261 (0.65 mm displacement). 

Evaluation of deviations. The method of comparing the contours and the interfaces is applied 
to all specimens and their in and ex-situ measurements. The average deviation is shown in Fig. 7. 
It can be stated, that the absolute deviations of contours and interfaces are within a range of 0.03 
mm and 0.16 mm. Additionally, evaluating the regression curve, there is a tendency towards higher 
absolute deviations between ex- and in-situ CT measurements at higher displacements. For the 
macrosection comparison, the CT scan of the cut specimen is compared with the ex-situ CT 
measurement of the respective specimen for each displacement (Fig. 8). Here, the deviations are 
in a range 0.05 mm and 0.25 mm. In this case, too, according to the incline of the regression curve, 
the deviations tend to increase with higher displacements. Furthermore, the deviations between 
CT measurement of a cut specimen and ex-situ CT scan are almost always higher than the ex- and 
in-situ CT deviations. Considering the coefficients of determination, the linear model used for the 
regression curve only partially predicts the average deviation. 
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Fig. 7: Average of the absolute deviation between ex- and in-situ CT measurement of the 
interface (a) and the contours (b). Specimen labels according to TRR285 nomenclature.  

 
Fig. 8: Average deviation between ex-situ CT measurement and the CT of the cut specimen of the 

interface (a) and the contours (b). Specimen labels according to TRR285 nomenclature. 
Summary and Conclusions  
Due to elastic springback, ex- and in-situ measurements of clinching points deviate from each 
other, which is often not considered in the validation of numerical results. In this paper, a method 
is presented to extract the contour and the interface from the cross section image of a digital volume 
of a clinching point. Additionally, the deviations between the contours and interfaces of different 
volumes can be quantified. To show the application of the method, specimens are shear tested to 
different displacement levels. Then, the digital volumes of these specimens are created by ex- and 
in-situ CT measurements as well as by CT measurements of the cut specimen. Eventually, the 
method is used to calculate the deviations between the measurement methods for the different 
displacement levels. 

The described method allows the quantification of deviations between contours and interfaces 
between different measuring methods. Thus, it can be used to measure the elastic springback 
effects and the deformation effects due to residual stresses, which occur during unloading and 
preparation for macrosectioning. Additionally, the method could be applied for measuring the 
deviations between individual specimens in order to quantify the variation in the manufacturing 
process. Furthermore, specimens without tin layer could be investigated. In this case, only the 
contour could be measured at low displacement levels. At higher displacement levels, the interface 
can be additionally measured where a gap occurs between the sheets.  

It can be concluded that the springback effects can alter the deformation state notably. 
Moreover, average springback seems to increase with rising deformation level and is considerably 
higher at macrosectioning preparation. The measured springback is 5 to 25 times higher than the 
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voxel size. However, the influence of the extraction of the interface procedure on the accuracy still 
needs to be investigated. Thus, this method showed that in-situ CT measurements can gain more 
precise information about the deformation state of clinching points during loading as there are 
clear influences of ex-situ measurement methods with increasing displacement level. 

However, it is obvious that introducing a tin layer influences the tribological system during 
clinching and testing. Therefore, the results are not yet comparable to standard clinch points. In 
future investigations, the influence of the tin layer on joint formation and failure has to be analyzed 
and methods to minimize the influence have to be developed. Moreover, it should be investigated, 
if creeping effects occur during the CT scan and how they affect the results of the measurements. 
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Abstract. To ensure a high quality design of joined components, it is essential to consider the 
joining process chain since deviations in the process chain can lead to failure of the component. 
Since eliminating the cause of process deviations can be very cost-intensive, it is desirable to 
ensure component and joining safety by making small changes. A method to regain all safety 
factors after a change in the process chain by making minor adjustments in the joining process and 
the design is presented here. The method is demonstrated on a clinched component consisting of 
a U-profile and a strike sheet. 
Introduction 
If any deviations and disturbances in the joining process chain occur, the real operational loads on 
the joints of joined components do not correspond to the calculated loads from the design and 
dimensioning phase [1]. For this reason, increasing efforts are made to optimize manufacturing 
tolerances [2]. It is further known that different joint stiffnesses lead to load redistribution between 
the joints [3]. Different joint stiffnesses are obtained for example, when clinching sheets with the 
same process parameters, but different deformation states in the joining area before joining [3]. In 
addition, robustness analyses are often carried out for safety reasons, in which it is assumed that a 
certain proportion of the joints are broken. Such analyses aim to achieve the desired component 
properties despite the statistically distributed failed joints. [4] Therefore, despite the use of 
simulation, the number of joints and the value of the safety factors tends to be higher than required. 
A more lightweight design with lower safety factors would be possible if the cause-effect 
relationships between the process parameters on the loads on the joints are describable and 
predictable. Additionally, the process and quality variables have to be continuously checked during 
manufacturing to identify deviations. When designing and dimensioning a high quality joining 
design with low safety factors for a versatile joining process chain, three challenges arise.  

Firstly, the cause-effect relationships must be identified. Secondly, these relationships must be 
exploited to increase the degree of utilization as much as possible at every joint, and thirdly 
continuous monitoring over the whole process chain must be implemented. This paper 
demonstrates how deviations can be considered in virtual product development and 
countermeasures can be taken. Thus, a list of causes and countermeasures can be shared with the 
manufacturing personnel to ensure high product quality. 
Method 
The method shown in Fig. 2 c) is used to design a clinched component with consideration of a 
versatile joining process chain. The method is based on cause-effect relationships between 
influencing parameters on the loads on the joints. The geometry of the joint is an influencing factor 
and is affected by many parameters. For example, the existing deformation state and sheet 
thickness in the joining area before joining [3], the used tools [5] and the joining process 
parameters [6] influences the final joint geometry. The deviating joint geometry leads to a 
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difference in stiffness, maximum elasticity and maximum force in destructive characterization 
such as shear lap or head tension tests [3]. Some of the influencing parameters on the clinched 
joint properties are mentioned in Fig. 2 a1). In addition, the loads on a joint also depend on external 
geometry-related component-dependent influences. In [7] it is shown that the load on a clinched 
joint depends on the geometry in the proximity of a clinched joint. In the numerical analysis of [3], 
it is illustrated that the variance of the load on a clinched joint in components of pre-deformed 
sheets depends on both, the global sheet thinning and the change in the stiffnesses of the clinched 
joints due to local sheet thinning. Further factors influencing the load on a joint are the number 
and distribution of the joints [8], as well as the components’ geometry and the applied load and 
boundary conditions. Some influence values on the mechanical behavior of a clinched joint are 
listed in Fig. 2 a1). In Fig. 2 a2) some influences values on the joints’ loads are named. 

For this purpose, in numerical evaluations the variables of Fig. 2 b) were used to describe the 
loads on the joints and their scatter. In finite element simulations of joined components, joints are 
represented with equivalent elements in which the applied load is described with a three-
dimensional force and three-dimensional moment vector. The equivalent force consists of the 
components fr, fs and ft. Since the torsional moment of clinched joints is assumed to be zero, the 
bending moment leads to a normal force component which, when added to the force fr, gives FN.  
This equivalent force is shown in Fig. 2 b3). The sum of the shear force components fs, ft gives FS. 
The load angle α is enclosed by FS and FN. The angle between the s-axis and FS is the orientation 
angle β. With the absolute values FS and FN, a load on a joint can be drawn in a shear force normal 
force diagram, as shown in Fig. 2 b4). The maximum elastic force (black curve in Fig. 2 b4)) and 
the maximum force (grey curve in Fig. 2 b4)) that can be applied to the joint depending on the load 
angle α are defined with limit curves. These limit curves are either created by connecting measured 
points from experimental tests under shear, normal and mixed loading or are approximated by 
mathematical formulas. 

The scatter in a joint can be shown by plotting the different loads on a joint in a shear force-
normal force diagram, as in Fig. 2 b5). A hull curve can be derived for the resulting point cloud, 
which can be approximated by an ellipse. By expressing the ellipse shape and orientation by the 
center, the minor and major semi-axis and the ellipse orientation angle ϴ, global statistical 
evaluations can be performed as shown in [1]. 

The cause-effect relationships from Fig. 2 a) and the evaluation measures from Fig. 2 b), are 
transferred to the design method shown in Fig. 2 c). The input of the method is an initial design of 
a clinched component, dimensioned with its nominal values. In the first step a change in the joining 
process chain is assumed. Either the properties of the sheet metal parts, the properties of some or 
all joints or the properties of joints and sheet metal parts are changed. Subsequently, virtual 
component testing is performed using finite element simulations with adjusted sheet and joint 
properties. After the calculation, it is checked whether the component meets its requirements 
during the entire test sequence. If the joined component does not meet its specifications, an 
adjustment is made. Either one or more joints (left cycle in Fig. 2 c)), the number and distribution 
of joints or the component geometry (right cycle in Fig. 2 c)) are changed. 

Demonstration of the method on a clinched component 
The method is demonstrated for elastic dimensioning. In this case, two sheet metal parts made of 
HCT590X with a sheet thickness of s0=1.5 mm are joined. The geometry of the component and 
the load case are shown in Fig. 1. The corresponding values can be taken from Table 1. 

For dimensioning, the clinched joint is characterized by experimental shear lap and head tension 
tests. The maximum force, the maximum elastic force, and the stiffness are determined from the 
obtained mean force-displacement curves for both set-ups. The coefficient of determination R2 for 
the stiffness fit was set to 0.995. The obtained values can be taken from Table 2. In the simulation 
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model, depicted in Fig. 1 b), the component is meshed with shell elements with a mean edge length 
of 1 mm. The material behavior of the profile and the strike sheet is modeled with a Hocket-Sherby 
constitutive model, determined with tensile and layer compression tests. The clinched joints are 
represented by a beam and a rigid spider with a diameter of 10 mm. The equivalent stiffnesses are 
obtained by curve fitting and are also presented in Table 2. All simulations are calculated using 
the implicit solver of LS-DYNA R13. 

 

 
Fig. 1: a) Geometry of the joined component in section view b) FE-model and load case 

 
Table 1: Information of the initial configuration  

Initial Geometry 
of U-Profile 

Joining design Clinching Tool 

 distance 
[mm] 

number of 
clinched joints 

18 punch diameter [mm] 8 

h 50 e1 [mm]  40 die diameter [mm] 10 
w1 50 e2 [mm] 25 die depth [mm] 1.6 
w2 40 s [mm] 40 TOX label: TOX A50100 / TOX BD8016 
tU 1.5 Load Case 
l 400 support distance  

[mm] 
360 diameter of impactor 

and support [mm] 
10  

Geometry of Strike Sheet w0 [mm] 140 l [mm] 40 tB 
[mm] 

1.5 or 
1.3 

Specification minimum impactor 
force [kN] 

14  minimum impactor 
depth [mm]  

3  
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Fig.  2: Design Method for considering the process chain for a clinched component  

a) Cause-effect relationships b) Analysis and Prognosis c) Method 
The property of the clinched joint for the combination of two 1.5 mm thick sheets are 

determined experimentally, as written before. In Table 3 the used equivalent stiffnesses and the 
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maximum elastic force for combinations of two 1.3 mm thick sheets are listed. From the numerical 
investigation of [3] it can be seen that for a sheet thickness combination of 1.27 / 1.27 mm reduced 
by pre-stretching, the equivalent normal stiffness is reduced by approx. factor 0.4 and the 
equivalent shear stiffness by approx. factor 0.6. The prerequisite in this research was that the 
joining process parameters remained constant. It is also assumed that the maximum elastic forces 
are reduced by the same factor as the stiffnesses. Moreover, the same values are assumed for 
unequal pairings of 1.5 mm and 1.3 mm thick sheets as for 1.3 mm / 1.3 mm combinations. For a 
precise analysis these values must be determined experimentally for undeformed sheets and for 
the combinations of different sheet thicknesses for both joining directions separately.  

Table 2: Properties of the clinched joint when 
joining two sheets with a thickness of 1.5 mm  

Normal stiffness ~ 1670 N / mm 
Shear stiffness ~ 22000 N / mm 
Maximum elastic 
normal force 

~ 700 N 

Maximum elastic 
shear force 

~ 3000 N 

Maximum normal 
force 

~ 2600 N 

Maximum shear force ~ 4200 N 
Equivalent normal 
stiffness 

7700 N / mm 

Equivalent shear 
stiffness 

30250 N / mm 
 

Table 3: Equivalent properties for the clinched 
joint in simulation for combinations with at least 

one sheet thickness of 1.3 mm 

Equivalent normal 
stiffness* 

3080 N / mm 

Equivalent shear 
stiffness* 

18150 N / mm 

Maximum elastic 
normal force** 

350 

Maximum elastic 
shear force** 

1800 

*   plausible estimation 
** assumption 

In Fig. 3, the limit curve for the maximum elastic force is approximated by the maximum elastic 
shear and the maximum elastic normal force. The maximum elastic shear is plotted on the abscissa 
and the maximum elastic normal force on the ordinate. Then, these points are connected in the first 
quadrant with an elliptic equation according to Eq. 1 and Eq. 2. In the fourth quadrant the limit 
curve is parallel to the ordinate and is described by Eq. 3 An internal change in a joint shifts the 
limit curve in the diagram and an external change leads to a different position of a point in the 
diagram. 

𝐹𝐹𝑆𝑆 = 𝐹𝐹𝑆𝑆,   𝑚𝑚𝑚𝑚𝑚𝑚,   𝑖𝑖 cos(𝛼𝛼) for          0° ≤ 𝛼𝛼 ≤ 90° (1) 

𝐹𝐹𝑁𝑁 = 𝐹𝐹𝑁𝑁,   𝑚𝑚𝑚𝑚𝑚𝑚,   𝑖𝑖 sin(𝛼𝛼) for          0° ≤ 𝛼𝛼 ≤ 90° (2) 

𝐹𝐹𝑁𝑁 = 𝐹𝐹𝑁𝑁,   𝑚𝑚𝑚𝑚𝑚𝑚,   𝑖𝑖 for    −90° ≤ 𝛼𝛼 ≤ 0° (3) 

The method is demonstrated by considering sheet thickness thinning in the process chain. The 
requirement criteria for the component is, that it has to withstand an impactor displacement and an 
impactor force. Neither at an impactor force of 14 kN, nor at an impactor displacement of 3 mm 
the joints should be loaded plastically, but a local plastic flow of the material in the U-profile 
directly under the impactor is permissible. The requirements are stated in the last row of Table 1. 
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First, the load case is simulated with the initial design (Config. 1). Then, the sheet thicknesses 
of the strike sheet (Config. 2) and of the profile (Config. 3) are altered.  

Configuration 1 (Initial Design):  
U-profile and strike sheet thicknesses of 1.5 mm each; initial stiffness and limit curve of 
the clinched joint when joining 1.5 mm thick sheets (Table 2) 

Configuration 2 (Thickness of strike sheet altered): 
U-profile with a sheet thickness of 1.5mm; strike sheet with a sheet thickness of 1.3 mm; 
reduced stiffness and limit curve (Table 3) 

Configuration 3: (Thickness of profile altered): 
U-profile with a sheet thickness of 1.3 mm; strike sheet with a sheet thickness of 1.5 mm; 
reduced stiffness and limit curve (Table 3) 

Configuration 1 is the reference design for which the requirements and the safety in the joint 
design should be verified. Configuration 2 represents a sheet thickness deviation of the strike sheet 
and Configuration 3 of the U-profile. The reduction of both sheet thicknesses is very similar to 
Configuration 3, since the worst clinched joint properties are assumed anyway and the strike sheet 
stiffness has hardly any influence, as will be shown. Therefore, this configuration is not discussed. 
To ensure that not only a quarter of the joints are visible in the shear force-normal force diagrams, 
the joints are not positioned exactly symmetrical. 

Results 
The forces are evaluated up to an impactor travel of 3.0 mm. In Fig. 3 the equivalent forces at a 
displacement of the impactor of 3.0 mm are shown. The calculation of Config. 1 show that the 
requirements have been met. In Fig. 3a) all points lie within the limit curve. The analysis of 
Config. 2 shows that the four outer joints are plastically loaded at an impactor depth of 3 mm 
which is depicted in Fig. 3 b). It can be also seen that the equivalent forces in the clinched joints 
are significantly lower in the design with the reduced the strike sheet thickness (red crosses) than 
in the initial design (grey crosses). Nevertheless, four points lie outside the reduced limit curve, 
after the sheet thickness reduction. According to the method, the outer joints must be positioned 
closer to the impactor. After shifting the four laterally joints 15 mm further towards the center in 
the y-direction, the joining safety is regained, which can be seen in Fig. 3 b) (green crosses). To 
show that the joint loads can also be reduced by changing the geometry within the proximity of 
the joint, the reduction of the loads with circular beads is shown in orange in Fig. 3 c). The bead 
has a height of 1.2 mm, a width of approx. 3 mm and is inserted in a diameter of 15 mm around 
the joint. In the given case, however, the insertion of those beads is not sufficient to regain joining 
safety. When reducing the sheet thickness of the U-profile (Config. 3), the specification (Table 1) 
is not met since the force of 14 kN is not reached. Therefore, the height of the profile is increased 
by 5 mm. As a result, the targeted force level is reached again. The joint design can remain 
unchanged despite the reduced joint properties because all points lie within the limit curve shown 
in Fig. 3 d). Since there is no implementation of cause-effect relations between global bending and 
the joints’ load, the increase of the profile height was calculated manually. 
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Fig. 3: Loads in the joints at an impactor depth of 3.0 mm a) Config. 1 b) Config. 2 - Optimized 

Design for a strike sheet with a thickness of 1.3 mm c) Config 2 - Inserting circular beads 
around the outer joints for a strike sheet with a thickness of 1.3 mm d) Config. 3 - Optimized 

Design for a U-profile with a thickness of 1.3 mm 

Discussion 
It was shown that with the presented method the versatile joining process chain can already be 
considered in the design phase. For the applicability of the method, it is essential that the cause-
effect relationships are known and that the required data have been determined. In particular, the 
different mechanical properties of the resulting joints at different conditions in the joining area 
before clinching must be known. The method demands a huge amount of data, which increases 
when the method is extended for the non-linear dimensioning of joined components. As shown 
here, estimated assumptions can also be used, if no precise experimental data is available. The 
results are then, of course, more prone to error. 

The geometry of the component can be changed either globally or locally. If utilizing the local 
component geometry in the proximity of the joint, linear beads can also be used in addition to 
circular beads. If linear beads are inserted, it must be considered that their effect depends not only 
on the load situation but also on their alignment to the joint. In addition to the option shown here 
of creating a list of countermeasures for manufacturing, when a deviation in the process chain is 
detected, the method can also be used to derive more robust designs, or to achieve more similar 
utilization rates in the joints. 
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Summary 
With the presented method, it is possible to create a catalogue of countermeasures for production 
personnel on how to intervene in the component and joining design in the event of certain changes 
in the process chain to regain joining safety and to still met the component requirements. This 
ensures the manufacturing of high quality joined components despite deviations in the process 
chain. The method was demonstrated on a clinched component consisting of a U-profile and a 
strike sheet. At the same time, the method can also be used to obtain more robust designs, or to 
achieve more similar utilization rates in the joints. 
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Abstract. The joining of continuous fibre-reinforced thermoplastic composites (TPC) by means 
of plastic deformation often results in a complex material structure in the forming zone. Especially 
process- and material-related parameters have high influence on the local deformation behaviour 
and therefore on the properties of the joint. In this paper, the focus is on mechanical joining 
processes based on the principle of moulding holes by a tapered pin. For the investigations, a 
simplified test is used in which the pin is pushed through a heated TPC plate in the thickness 
direction. By the pin movement the fibres and molten matrix are displaced radially and along the 
tool motion direction. Detailed investigations of the resultant material structure by computed 
tomography and numerical simulations are performed with varying pin tool geometries with 
bidirectional TPC material. For numerical analysis, the Arbitrary-Lagrangian-Eulerian method 
combined with a multi-filament approach is used. The result show that the tool geometry has a 
strong influence on the piercing force, the resultant material structure, and the occurring 
phenomena. It could be shown, that the simulation is capable to predict the resultant material 
structure. 
Introduction 
With their high specific stiffness and strength thermoplastic composites (TPC) offer a good 
opportunity to achieve a high degree of lightweight and increase resource efficiency. Due to the 
inhomogeneous inner material structure of orientated brittle fibres and ductile isotropic 
thermoplastic matrix an anisotropic material behaviour results. Hence, a variety of novel joining 
technologies have already been developed to join TPC components to adjacent assemblies. 
Bonding, the state of the art joining method, requires high standards for preparation and long 
curing times. Therefore, new mechanical joining technologies are in the scope of research [1], 
especially in the field of clinching technology [2]. The local forming processes of this joining 
method lead to a change of the material structure [3]. The changed material structure directly 
influences the load bearing behaviour and the capacity of the joints [4]. 

In thermal-assisted mechanical joining processes for metal-TPC-joints a tool [5] or auxiliary 
element [6] is moved in thickness direction through the material generating a hole and a form 
closure. Depending on process conditions (e.g. tool concept and velocity, process temperature), 
material properties of the matrix (e.g. melting temperature) and fibres (e.g. Young’s modulus, 
fracture strain) different material structure phenomena occur during hole forming [7]. Due to the 
softening of the matrix at higher temperatures, the viscous character of the matrix increases. 
Consequently, the fibre-matrix interactions (FMI) can be described as a fluid-structure-interaction 
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(FSI). Besides fibre-fibre interactions (FFI) can be observed [7]. Joining by piercing based on 
moulded holes is characterized by a displacement of fibres in in- and out-of-plane direction caused 
by pin penetration [8] and independent matrix flows around the pin [9]. Such joints are often 
assessed by the resultant load bearing behaviour in structural tests [10]. The required joining force 
to displace fibres and matrix for a single pin often cannot be measured due to the test setup [11] or 
the application of multi-pin arrays [12]. In [8] a single pin geometry is used for joining and the 
influence of heating area and temperature on the joining force and resultant material structure is 
investigated. Due to the temperature gradients in most processes, the joining zone cannot be 
assumed to be isothermal. This leads to a different material behaviour within TPC because of the 
temperature dependency of the matrix.  

By simulating such joining processes, the resultant material structure and load bearing capacity 
can be predicted. However, this requires the modelling of the textile architecture [13] for 
continuous fibres. For moulded holes with in-plane reorientation of the fibres, also an analytical 
approach is used in [14] to predict the fibre path. 

In the present paper, the interaction of the piercing process and material structure is shown. 
Therefore, a simple test setup with different pin geometries is used. Due to a lack of information 
when using transient local heating, the whole test setup is heated up to process temperature and 
kept constant instead. The resultant material structure is investigated by computed tomography 
(CT). Based on the findings, numerical models are developed and evaluated. A multi-scale 
approach and the Arbitrary-Lagrangian-Eulerian (ALE)-method is used [15]. 
Experimental setup 
The specimens are made of multi-layered uni-directional glass fibre (GF) reinforced polypropylene 
(PP) Borealis BJ-100HP with a melting temperature of 165 °C. The specimens are made of four 
unidirectional TPC-sheets with layup of [0°/90°]s, and have a thickness of 2 mm with a dimension 
of (80 x 80) mm2. 

The test setup shown in Fig. 1a is integrated in a standard testing machine Zwick Z1465 
(ZwickRoell GmbH & Co KG) equipped with a heating chamber and a 100 kN load cell. The 
isothermal conditions of 180 °C, controlled by three thermocouples at the specimen, the pin and 
within the chamber, are realized within a dwell time of 30 min. To prevent sticking between the 
heated specimen and the die/blank holder, thin perforated films (0.2 mm) made of polytetraflour-
ethylene are fixed to the metal parts. The pin is pushed path-controlled with a velocity of 
1000 mm/min into the TPC. After the piercing process, the pin rests within the TPC until the 
specimen temperature is cooled down to 150 °C by an air flow system near the pin. To investigate 
the process-structure-interaction (PSI) in terms of the tool-structure-interaction, two different pin 
geometries shown in Fig. 1b are used. 
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Fig. 1: a) Experimental setup for the pinning process and b) the two different pin geometries; all 

dimensions in mm. 
Numerical setup 
For the numerical simulations, the multi-filaments (MF) approach from [16] in combination with 
the ALE-method is used. The MF approach is based on a digital element chain [17], where the 
properties of the beam element summarize the properties of a certain amount of single fibres [18]. 
The setup is presented in Fig. 2 and the mesh information with the characteristic element length le 
are given in Table 1. 

Due to the orthogonal four layers of MF, a half model is set up. The boundary conditions (BC) 
at the ends of all MF are defined to only allow a translation in fibre direction. Whereas, the nodes 
of the MF in the 90°-layers, which lie in the symmetry plane, can only move in-plane without 
rotational degrees of freedom. For both MF directions side walls with a penalty contact definition 
are implemented to avoid fibre movement out of the fluid domain. In accordance to the specimen 
dimension and the joining zone area, in 0°-direction the full length of 80 mm is modelled. For the 
90°-layers, only 40 mm width of the layers is considered (Fig. 2 right). The tools and side walls 
are assumed to be rigid. Furthermore, except for the pin, they have fixed BC. Consequently, the 
clamping pressure between blank holder and die is not taken into account. Penalty contact 
definitions between MF, die and blank holder are defined. The pin has a displacement controlled 
translation definition in thickness direction through the layers. It is defined as a solid to avoid 
leakage in the ALE calculation. However, a special forming contact based on shell elements proved 
to be suited to model the sliding between MF and the pin. In order to apply this contact, a shell 
mesh is defined at the surface nodes of the solid. A constrained-based coupling algorithm between 
fluid and MF is defined. The beam element chain with a diameter of 0.5 mm representing the MF 
exhibits an elastic material behaviour with a Young’s modulus of 57 MPa. For the matrix 
properties, a simplified viscous material model with a constant dynamic viscosity η of 530 Pas 
(based on experimental results) is used. The simulations are carried out with a mass scaling factor 
of 10,000. 

 
Table 1: Mesh information of the numerical setup for pin P1. 

Domain le [mm] Number of elements 
Fluid 0.5 361,000 

Multi-filament 1.5 4,988 
Tools - 54,904 

Punch shell - 8,204 
Walls - 21,120 
Σ  450,816 elements; 480,678 nodes 
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Fig. 2: Numerical setup for pinning process simulation with the pin P1. 

Results and Validation 
In Fig 3, the force-displacement curves of experiments where both pin geometries are investigated 
at two specimens (specimen number in brackets) are given. It can be seen that both the force peak 
and the descent of the curves of the blunt pin P2 are much higher than for the sharp pin P1. It is 
also evident that the force peak of P1 is achieved at higher displacements due to the long taper 
shape. 

 

 
Fig. 3: Force-displacement curves for the different pin geometries.*modified curve. 

The resultant material structure of the specimen ‘2105’ is presented in Fig. 4. On the blank 
holder side, a bulk is formed in 0°-direction consisting of matrix and in 90°-direction of yarns and 
matrix (1) (Fig. 4a). The 0°-yarns, pointing directly to the pin, are bent in piercing direction (2). 
The nearby yarns are displaced in 90°-direction (3). This radial reorientation leads to a torsion of 
fibre bundles in the yarn and the bulk forming on the free surface on the blank holder side (3) 
(Fig. 3a-b). The 90°-yarns are also bent in thickness direction (4). The increasing pin movement 
leads to a compaction, shifting and twisting (torsion) of all yarns in each layer (5) (Fig. 4b). 
Especially, the yarns of the die-sided layers are shifted out-of-plane. Here, on the one hand, the 
yarns distant to the pin are more shifted than twisted (6). On the other hand, the yarns close to the 
pin are splayed which is caused by the tool-yarn-friction and the motion of the pin (7). The friction 
also causes yarn shifting in fibre direction of 0°-yarns. The interaction between the different layers 
(e.g. FFI) lead to a shifting and bending (ondulation) of the 90°-yarns in radial direction to the pin 
(8) (Fig. 4c). The tool-yarn-friction, FFI and the yarn tension, result in a compaction of the yarns 
around the pin (5). Hence, matrix flow in the outer area of the piercing zone occurs, leading to 
matrix rich zones (9). Because of the shifting, bending and splaying, voids occur around the 
forming zone (10). 

Likewise, the resultant material structure of specimen ‘2107’ in combination with pin P2 is 
investigated (Fig. 5). In contrast to pin P1, the bulk consists of matrix in both fibre directions (1) 
(Fig. 5a). As with pin P1, the yarns in all layers pointing directly to the pin are bent in thickness 
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direction (2, 4). Due to the blunt shape of pin P2, no reorientation in 90°-direction or bulk forming 
consisting of matrix and yarns on the blank holder side occur. Instead, all fibres are compacted, 
distorted and shifted in out-of-plane direction (5) (Fig. 5b). Therefore, the height s with 12.35 mm 
of the displaced splayed fibres (7) is higher in comparison the configuration of P1 with 3.86 mm. 
Due to the high displacement of the 0°-yarn and the FFI, the ondulation of the 90°-yarns increases 
(8) (Fig. 5c). In contrast to the P1 configuration, all yarns of each layer are twisted and distorted 
similarly in the piercing direction (5). The compaction in the resultant material structure is less 
than in P1, which reduces the formation of matrix rich zones (9). Because of the more significant 
reorientation phenomena of shifting, bending and torsion, more voids in the forming zone can be 
observed (10). 

 

 
Fig. 4: CT-analysis of the resultant material structure for pin P1 (yarns highlighted in green, 

matrix in yellow and air volumes inside the TPC in red). 
The results of the simulations for pin P1 with the resultant material structure are given in Fig. 6 

and for P2 in Fig. 7. The modelling strategy is sensitive to the used pin geometry. Thus, the results 
show the influence of the pin sharpness on the resultant material structure. For pin P1, it can be 
seen that the MF of the blank holder sided layer are splayed (Fig. 6b). Also the bottom and mid 
layers are displaced continuously (Fig. 6b). Six MF next to the pin tip are excessively displaced 
and deformed, which can be caused by an unrealistic contact behaviour that results from the MF 
sticking to the pin and neglecting the clamping pressure (Fig. 6c). Excluding the “stuck” fibres, a 
displacement of approx. 7.4 mm is measured. Furthermore, the pin is not pushed through all layers 
despite a sufficient displacement (cf. Fig. 3). 
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Fig. 5: CT-analysis of the resultant material structure for pin P2 (yarns highlighted in green, 

matrix in yellow and air volumes inside the TPC in red). 

 
Fig. 6: Resultant material structure of pin P1 with the ALE method. 

The resultant material structure for pin P2 shows a higher displacement of the MF in thickness 
direction in the piercing area. The splaying of the mid and bottom layer can be seen in (Fig. 7b and 
c). Additionally, an excessive deformation of the MF under the pin can be seen. It can be concluded 
that an unrealistic contact behaviour leads to the deformation. Due to the large displacement of the 
MF, the simulation exhibits areas with less matrix (Fig. 7a). Despite the non-accurate contact 
definition and the simplified material behaviour (constant viscosity, linear elastic), the results show 
main phenomena of the piercing process, which also occur in the experiment. 
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Fig. 7: Resultant material structure of pin P2 with the ALE method. 

Summary and Outlook 
The piercing forces and the resultant material structure of a piercing process are investigated with 
different pin shapes using isothermal process conditions. Based on the test setup, numerical 
simulations are carried out with the MF approach and ALE method. The numerical results 
represent the main phenomena of bending and displacement of MF in out-of-plane direction. Due 
to the limited contact definitions and the simplified assumptions used to determine the resultant 
stiffness of the MF, the shifting in fibre direction cannot be predicted accurately. For a more 
elaborated comparison, experimental and numerical investigations have to be carried out with 
focus on bending stiffness of yarns under process conditions. Additionally, the initial 
inhomogeneous textile architecture of the TPC sheets has to be modelled more accurately. 
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Abstract. The focus towards multi-material and lightweight assemblies, driven by legal 
requirements on reducing emissions and energy consumptions, reveals important drawbacks and 
disadvantages of established joining processes, such as welding. In this context, mechanical 
joining technologies, such as clinching, are becoming more and more relevant especially in the 
automotive industry. However, the availability of only few standards and almost none systematic 
design methods causes a still very time- and cost-intensive assembly development process 
considering mainly expert knowledge and a considerable amount of experimental studies. 
Motivated by this, the presented work introduces a novel approach for the methodical design and 
dimensioning of mechanically clinched assemblies. Therefore, the utilization of regression 
models, such as machine learning algorithms, combined with manufacturing knowledge ensures a 
reliable estimation of individual clinched joint characteristics. In addition, the implementation of 
an engineering workbench enables the following data-driven and knowledge-based generation of 
high-quality initial assembly designs already in early product development phases. In a subsequent 
analysis and adjustment, these designs are being improved while guaranteeing joining safety and 
loading conformity. The presented results indicate that the methodological approach can pave the 
way to a more systematic design process of mechanical joining assemblies, which can significantly 
shorten the required number of iteration loops and therefore the product development time. 
Introduction 
Given their ability to join coated and dissimilar sheet metals, mechanical joining technologies 
provide a high applicability for generating multi-material connections and thus great potentials for 
the realization of novel lightweight designs, such as in car body components [1, 2]. In this context, 
novel developments are available in the field of mechanical joining, such as in [3], whereby this 
contribution concentrates on clinching as an example. Therefore, the technology offers a fast as 
well as environmentally friendly procedure to join overlapping sheets, profiles or tubes entirely 
based on cold forming without additional joining components [4, 5]. However, for the realization 
of reliable joined assemblies, it is often required to involve both expert knowledge and 
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experimental studies. This results in time-intensive trial-and-error development iterations and 
therefore high costs until a final design is identified that satisfies all product requirements (see 
Fig. 1). Thus, it is crucial to not only focus on the selection of feasible and suitable joining 
technologies, but also on the requirement- as well as the manufacturing-oriented design of the 
entire joint connection. Especially, the matching of the loading conformity and the achievable 
individual joint properties are highly important to guarantee a satisfying joining safety of joined 
components. For the latter, already a few contributions and standards demonstrated the methodical 
design of clinched joint assemblies based on geometrical characteristics (neck, interlock and 
bottom thickness) as well as resistances against shear and tensile loading. For instance, in [6] the 
analytical dimensioning of joint connections by means of stresses is demonstrated. In this regard, 
the calculation of suitable joint positions enables the load-balanced design of assemblies. 
Furthermore, to support the analysis of component and joint loadings, the so-called load path 
analysis can be used for the adjustment of joining designs. Therefore, common methods base on 
results of a finite element analysis (FEA) calculating the load distribution in a component or an 
overall assembly. The visualization of load paths in components allows the assessment of the 
design and structural integrity and can qualitatively show how the loads are redistributed in case 
of effects of geometric defects [7]. The methods known from the literature depend on the 
orientation of the component in space and the selected direction of investigation [8]. Usually, a 
separate load path plot is generated for each coordinate axis of the model, which results in three 
individual plots for the load path analysis in a 3D simulation. In this regard, the combined 
evaluation of all plots is necessary, which can be influenced by a lack of information within the 
individual plots and thus potentially leads to inaccurate results. For this purpose, the method of the 
effective force developed by Steinfelder and Brosius results in a single plot, which, as a second 
advantage, is invariant with respect to the orientation in space [9]. The concept was applied to a 
2D rotational symmetric analysis of a clinched joint [10]. Nevertheless, a methodical approach 
that combines the data-driven and knowledge-based initial design of the assembly with the 
subsequent analysis and adjustment of individual components regarding their energy, stress and 
loading conformity is not available yet. 
 

 
Fig. 1. Overview of the established approach for the design of mechanical joining assemblies 

Overview of methodical approach 
Motivated by this, the presented contribution introduces a methodical approach (see Fig. 2) that 
supports the product engineer regarding the comprehensive realization of reliable clinched 
assemblies by structuring, automating and simplifying the product development process. 
Especially, the involvement of data-driven and knowledge-based methods targets the efficient 
generation of high-quality initial product designs. Therefore, the implementation of an engineering 
workbench, described in [11], offers an efficient and applicable support for product engineers to 
configure individual joining elements by simultaneously guaranteeing a sufficient joining safety 
already in the early development phases. In addition to the transfer of expert and manufacturing 
knowledge into a machine-readable format, this also includes the utilization of predictive 
regression models for the accurate prediction of joint properties. Moreover, the setup of an 
interface between the engineering workbench and an available computer-aided design (CAD) 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 179-186  https://doi.org/10.21741/9781644902417-23 

 

 
181 

Software (here: Dassault Systèmes CATIA V5-6) enables both the automated generation of 
assembly visualizations and the following evaluation of the geometries regarding their 
manufacturing plausibility. Thus, the generated assembly design provides already a high-quality 
fundamental for the subsequent analysis of the dimensioning and the altering of the individual 
joining components. Therefore, the initial CAD models of the particular parts are meshed and a 
FE-model in LS-Dyna is generated. Moreover, previously calculated clinched joint stiffnesses are 
implemented in the simulation model and stand for the available elastic joint strength capabilities. 
Then, the definition of the loading combined with the bearing of the components enables the 
following evaluation and adjustment of the initial product design regarding a meaningful force 
distribution. In this context, a method analyzes the existing loads at joints, the load path and the 
effective force and, based on this, redistributes the force curve in the components by an altering 
product design. This can be achieved by changing either the position or property of the joints, the 
component geometry in the proximity of the joints or by changing the included number of joints. 
After the method has been executed, the final component and joining design can be determined 
and dimensioned regarding the given joining task requirements.  

To get a deeper understanding of the approach, the next sections explain the methodical 
procedure for the generation of initial assemblies and the following analytical adjustment and 
dimensioning of these designs in more detail. Therefore, the joining task of a hat-profile and a 
blank considering a required minimum resistance against shear loading of 23000 N and given 
process characteristics (material: EN AW-6014-T4; sheet thickness: 2.0 mm) is used. 
 

 
 

Fig. 2. Novel methodical approach for the design of mechanical joining assemblies 
Data-driven and knowledge-based initial design of assemblies 
Facing highly cost- and time-intensive development cycles, the following approach, illustrated in 
Fig. 3, enables the systematical generation of high-quality initial assembly designs already in the 
early product engineering phases. Therefore, the aim is to ensure both a requirement- and 
manufacturing-oriented dimensioning of joining connections and components. In this context, it is 
required to define relevant input information regarding a new joining task at the beginning. This 
involves for instance process-related characteristics, such as the applied joining tools or material 
properties, as well as requirements on the joint connection (e.g. shear or tensile load capacity). 
Based on this, the use of pre-trained predictive regression models enables the following estimation 
of individual clinched joint properties (e.g. geometrical characteristics). For this purpose and since 
this is among the most crucial step to guarantee a high reliability of the initial product design, 
linear and polynomial algorithms as well as artificial neural networks are implemented based on 
the results in [12]. Furthermore, the development of an engineering workbench [11] ensures both 
a high applicability of the approach and a consistent and automated data transfer between the 
product engineer and the involved software (CAD- or FE-environment). Therefore, the system 
offers estimated joint properties and the opportunity to configure a suitable assembly for the 
particular joining task. Based on the following design check regarding the compliance with 
manufacturing constraints and the fulfillment of requirements, an appropriate number of joints and 
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their positioning can be provided. In this context, the method proceeds according to the first-time-
right principle and paves the way to a significant shortening of the product development cycle. 
In the case of the chosen joining scenario, the product design involves a minimum of 16 clinched 
joints evenly distributed on both flanks of the hat-profile. For this purpose, the required minimum 
resistance against shear loading (23000 N) will initially be multiplied with a safety value of 1.3 in 
order to cover uncertainties within the joining process. Then, based on the estimation of achievable 
single joint properties, the minimum number of joints can be calculated. Since currently only less 
design principles are available in the field of mechanical joining, the selection of the safety value 
bases on few investigations regarding the process robustness of clinching, such as in [13]. 
Following, the application of plausibility checks ensures the compliance of the initial product 
design with implemented manufacturing specifications and limitations. Thus, the presented 
approach enables the generation of high-quality initial assembly designs already in the early 
product development phases considering data-driven and knowledge-based methods. As a 
summery, Fig. 3 shows an overview of the introduced steps. 
 

 

Fig. 3. Overview of the initial knowledge- and data-based design of an assembly 
Analysis and load-adjustment of initial assembly design 
The initial design of the assembly is then transferred as a CAD file combined with force-
displacement information from the numerical experiments to the elastic dimensioning method 
shown in Fig. 2. The objective of the dimensioning is to ensure that the elastic joint safety is given 
at each clinched joint and that the sheet metal components are loaded elastically only. In this 
context, the method starts with the calculation of the maximum permissible force, which can be 
applied to the design components. For this purpose, the mechanical characteristics in normal and 
shear direction are determined (see Table 1) from the transferred force-displacement curves of the 
numerical characterization tests. In this regard, the stiffness is represented by the slope of a linear 
regression model (R2 of 0.998, see Fig. 5 a), which is fitted to the provided data. Based on this, the 
components can be loaded elastically with a shear force up to 16000 N for the given use-case. 

 

Table 1: Maximum force, maximum elastic force, stiffness in head-tension-test and shear-test 

 Max. force in N Max. elastic force in N Stiffness in N/mm 
Head tension test ~1700 ~850 ~1650 
Lap shear test ~1900 ~1300 ~16000 

For the check and dimensioning of the assembly, the components from the CAD file (Fig. 4 a) 
are meshed with shell elements on the mid surface for the finite element analysis. Here, the joints 
are mapped with a beam element and connected with a kinematic coupling by rigid spiders to the 
shells, which is depicted in Fig. 4 b) and 4 d). Therefore, the equivalent stiffness of the beam 
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elements depends on the diameter of the rigid body spiders and thus on the joint’s diameter and 
the edge length of the shell elements. In the presented use-case, the average shell length is 2 mm 
and the diameter of the rigid spider is 10 mm. The conversion of the experimentally determined 
stiffness into the stiffness of the equivalent beam is performed by curve fitting. The equivalent 
normal stiffness is approx. 1E6 N/mm and the equivalent shear stiffness is approx. 3E4 N/mm. 
The clinched joint is assumed unbendable, so the bending stiffness is set to 1E10 N/mm and the 
torsional stiffness is set to zero. In addition, Fig. 4 b) depicts the particular bearing conditions. 

 
Fig. 4. a) Initial product design b) Load case the given joining task c) Final product design after 

improvements d) Beam-rigid-spider element 
The evaluation of whether a joint is purely elastically loaded is based on a limit curve (Fig. 5 c). 

Here, this is represented in a simplified form via an ellipse equation in the first quadrant with the 
semi-axis maximum elastic shear force and maximum elastic normal force. In the fourth quadrant, 
the curve is parallel to the ordinate based on the equations in Fig. 5 d). The additionally drawn area 
by two lines with a slope of -1/3 and 1/3 illustrates the joints in which shear force is predominant. 
The influence of bending on the clinched joints is neglected. Due to symmetry, the subsequent 
evaluation is only carried out on the front flange with the joints 1 to 8 (see Fig. 4 a). Therefore, the 
individual loads at the joints are depicted in red (see Fig. 5 c). In that diagram, one can see that 
joint 8 (CJ8) is outside the limit curve. Moreover, the flanges and the walls of the U-section are 
tending to bent (see Fig. 5 b). To prevent this effect, the flange width is increased for 10 mm and 
the clinched joints are pushed 5 mm further out. In addition, the shear force can usually be reduced 
at the outermost joints if the distance to bearings is increased. For this reason, the profile is 
extended by 5 mm on the right and left. In order to reduce the shear force at joint 8 (CJ8), the left 
clamping is concentrated to the center. This enables an increased force flow to the other joints (CJ2 
to CJ7). Furthermore, to prevent the aluminum sheet from being plastically deformed, the sheet 
thickness is increased locally from 2 mm to 3 mm at the left clamping. The changes are depicted 
in Fig. 4 c) and the obtained new loads at the joints are shown in black in Fig. 5 c). One can see 
that joint 8 (CJ8) is still outside the limit curve, which mainly bases on the high normal force share. 
Therefore, relief notches are provided on the side of the hat-profile. As a result, the joints 5 to 7 
absorb more axial force based on a load redistribution (see Fig. 5 c green and black dots). However, 
joint 8 still lies very slightly above the limit curve. This can be changed by adjusting either the 
geometry again or the mechanical properties of joint 8 and thus the involved limit curve.  
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Fig. 5. a) Maximum forces and stiffness b) Deformation of the component with displacement 
scaled by factor 200 c) Loads at the clinched joints d) Equation of the elastic boundary curve 
Besides this, the additional analysis of the normal and shear forces in the joints through the 

effective force method can identify the load path and the load direction in the assembly. This 
allows an evaluation of the areas that contribute more or less to the load transfer and, if necessary, 
how a load application in the component should be adapted. The method can currently also be 
applied to components with detailed modeling of the joints in 3D. The analysis of joined structures 
with a large number of joints modeled in detail is not efficient and feasible in terms of computing 
time. For an analysis of structures with shell element formulations and substitute models of joints, 
an adaptation of the calculation processes is necessary in further steps. Therefore, in the following, 
an exemplary investigation based on a 3D shear tension model with two clinched joints is 
considered. The following simplified example clearly shows why the change of the restraint has 
significantly relieved joint 8 in the first iteration step. The two clinched joints are arranged directly 
in series in the direction of loading, as in the flange area of the considered component, and are 
loaded to shear. The input data for the analysis are the results from a finite element analysis. The 
setup of the used model is shown in Fig. 6 a). For the calculation of the vector field, the principal 
stresses λi with the associated eigenvector Ei,j are evaluated for each integration point per finite 
element in the model and the effective force 𝑭𝑭eff�������⃗ , which refers to an infinitesimal area element Ainf, 
is calculated according to Eq. 1. Complementary to the normally used equivalent stress concept, 
this approach provides not only the information on the location of the highest load, but also the 
direction of the load in each case. Especially by the use of the direction information the versatility 
in the process chain can be increased, since modifications to compensate for unexpected changes 
in the process or at component level can be made in a targeted manner. 

𝑭𝑭eff�������⃗ = �
𝜆𝜆I ∙ 𝐸𝐸I,1 + 𝜆𝜆II ∙ 𝐸𝐸II,1 + 𝜆𝜆III ∙ 𝐸𝐸III,1
𝜆𝜆I ∙ 𝐸𝐸I,2 + 𝜆𝜆II ∙ 𝐸𝐸II,2 + 𝜆𝜆III ∙ 𝐸𝐸III,2
𝜆𝜆I ∙ 𝐸𝐸I,3 + 𝜆𝜆II ∙ 𝐸𝐸II,3 + 𝜆𝜆III ∙ 𝐸𝐸III,3

� ∙ 𝐴𝐴inf.  (1) 

The method of effective force can be used as a support and provides additional information for 
the design of components and joints. In order to show load paths in a clear way, only nodes are 
used that have bearings or load inputs as boundary conditions. Two resulting load paths are shown 
in Fig. 6 b). It can be seen and concluded that loads applied closer to the plane of symmetry 
(Starting point 1) are mainly transmitted via the first clinched joint. Loads introduced further from 
the plane of symmetry (Starting point 2), on the other hand, are transmitted via the second clinched 
joint. When evaluating the effective force as a scalar value, see Fig. 6 c), additional information 
about the loads in the structure and joints can be visualized. This showed that the neck region of 
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the first clinched joint is more involved in load transfer than the second clinched joint. Thus, the 
effective force method makes an important contribution to the analysis of loads in joined structures 
and provides further information about regions of the components involved in the load transfer 
and internal load directions, which assisted to adapt the joining design to the loadings. 

Fig. 6. a) Shear tensile specimen with two clinched joints b) Model visualization of load paths 
c) Effective force as a scalar value

Discussion 
The demonstrated methodical approach provides the opportunity to assist the product engineer in 
the design and dimensioning of reliable and versatile mechanical clinched assemblies. In this 
regard, the involvement of knowledge-based and data-driven methods offers the manufacturing- 
and requirement-oriented generation of initial and high-quality designs already in the early product 
development phases. However, to guarantee a sufficient applicability of the method, it is crucial 
to not only focus on clinching but also on further mechanical joining technologies, such as pin 
joining or riveting. Moreover, currently the realization of complex joining tasks is limited on the 
available implemented parameterized CAD geometries, materials and sheet thicknesses. Thus, the 
generation of multi-material and -part combinations requires a deeper focus in future work. 
Furthermore, the functionality of the analysis and load path method has been shown for linear 
material and joint behavior. In order to take plasticity into account, it is required to consider a 
nonlinear behavior in the joint as well as in the material model. For the further analysis of the stress 
redistribution within a joint, it is recommended to replace the equivalent element by a detailed 
solid model for individual joints. In addition, the effective force method showed high potentials to 
visualize the load path in the component and joint graphically and thus to analyze, which regions 
of the component and which joints are involved in the load transfer. But the analysis of joined 
structures with a large number of joints currently requires an adaptation of the method with respect 
to the use of shell element formulations and substitute models for joints. The method is not 
dependent on a specific mechanical joining process and can also be applied to other processes. 
Summary 
Given costly and time-intensive development iterations, the presented contribution introduced an 
approach for the methodical design and dimensioning of mechanically clinched assemblies. 
Therefore, the integration of knowledge-based, data-driven, and simulation-based methods within 
an engineering workbench provide high potentials for the initial generation of high-quality designs 
already in the early product development phases. In this context, this requirement- and 
manufacturing-oriented configuration of components provides the fundamental for the following 
analytical adjustment of individual joining elements regarding a well-balanced energy, stress and 
load distribution. For this purpose, both the position and number of joints or the component’s 
geometry can be systematically changed based on the introduced approach. After the method has 
been executed, the final component and the final joining design are determined and moreover, the 
joined component is dimensioned for its use. To demonstrate the entire methodical approach, the 
joining of a hat-profile and a blank considering a required resistance against shear loading of 
23000 N and given process characteristics (material: EN AW-6014-T4; sheet thickness: 2.0 mm) 
was used as an exemplary joining task. In summary, the presented results can pave the way to a 
more methodical and simplified design and dimensioning process of mechanical clinched 
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assemblies by providing a comprehensive support for the product engineer. This can also lead to 
a significant shortening of the required product development cycle and time. 
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Abstract. Requirements of multi-material construction involve adjustments to standard joining 
techniques. Especially the growing importance of integral cast components poses additional 
engineering challenges for the industry. One approach to achieve these goals are adaptable joining 
elements formed by friction spinning. This approach uses friction-induced heat to form 
customisable joining elements to join sheets for different boundary conditions, even for brittle cast 
materials. It is possible to react immediately to adapt to the joining process inline and reduce the 
amount of different joining elements. As the joining partner serve casting plates of the aluminium 
casting alloy EN AC–AlSi9, which is processed in the sand casting. Joining hypoeutectic AlSi 
alloys constitutes a challenge because the brittle character of these cause cracks in the joint during 
conventional mechanical joining. Furthermore, the friction-induced heat of the novel joining 
process causes a finer microstructure in the hypoeutectic AlSi9 casting alloy. In particular, the 
eutectic Si is more fine-grained, resulting in higher joint ductility. This study indicates the joining 
suitability of a hypoeutectic aluminium casting alloy in combination with adaptive manufactured 
additional joining elements. Here, various mechanical and microstructural investigations validate 
the influence of the thermomechanical joining technique. In conclusion, the potential of this 
joining process is presented regarding the joinability of cast aluminium components. 
Introduction 
In the world of manufacturing technology, a constant state of change due to new requirements 
from government and society can be identified. The energy and resource efficiency of the 
production as well as the operation phase of products require an adaptation of conventional and 
well-known industrial processes [1]. In particular, the automobile industry, which produces many 
emissions, is continuously faced with new challenges [2]. In response, the industry is increasingly 
relying on a high-resolution multi-material mix to reduce the masses to be moved and thus the 
greenhouse gas emissions during the operation phase [3]. To increase productivity and to be able 
to produce application-adapted components, manufacturers rely on integral aluminium casting 
components. Aluminium casting alloys of the AlSi(Mg)–system are weldable to a limit, wherefore 
mechanical joining processes are a suitable alternative [4]. Due to the generally lower ductility and 
formability of these casting alloys, the connection of such components poses a challenge for 
joining technology, because the brittle properties, especially the low elongation at fracture, result 
in cracks in the joint [5]. 

Classical mechanical joining processes such as self-piercing riveting or clinching require a 
certain formability of the material, depending on the arrangement of the material [6]. Thermal 
joining processes such as the established resistance spot welding quickly reach their limits due to 
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the conditional welding work of the cast alloys, the tendency to hot cracks and the resulting low 
dynamic fatigue strengths [4]. A way to overcome these limitations is to use alternative, ductile 
aluminium casting alloys that are adapted to the application due to targeted control of the 
solidification conditions [7]. These are more formable and thus better mechanically joinable than 
classic alloys. One such alloy is, for example, the AlSi9. Furthermore, there is the possibility to 
use refinement elements such as Sr or Na to modify the plate-like Si in the eutectic into a fine 
lamellar microstructure [8]. Hence, the brittle character of the microstructure can be improved into 
a more ductile, which allows better forming. In addition, to improve the ductility of the cast 
aluminium components, the (mechanical) joining process can also be adapted to the increased 
requirements of the joint. One possible group of processes are the thermomechanical joining 
processes. These processes use the friction-induced application of heat to reduce the materials flow 
stress locally (temperature is still below the melting temperature) in order to join them [9]. In 
recent years, friction stir welding in particular has been increasingly used to join aluminium sheets 
[10,11]. However, this method also reaches its limits with aluminium castings. On the one hand, 
thin sheets can only be processed to a limited extent, so that the potentially low weight cannot be 
sufficiently considered. Processes such as flow drilling can also be used with thinner materials, 
but depending on the arrangement of the materials to be joined, they also require ductile materials 
in which a viable thread can be formed [12]. 

A promising innovative thermomechanical joining process is found in the use of adaptive 
joining elements formed by friction spinning. This approach uses friction-induced heat to produce 
joining elements from a uniform starting material that are specially adapted to the boundary 
conditions of the joint. The elements are subsequently used to join sheets with each other. During 
the joining process, the joining element rotates around its own axis, so that heat is induced when 
penetrating the materials to be joined and forming the closing head. The friction-induced 
temperature input into the materials to be joined can be influenced by specific process 
parameterization in order to change its properties in a targeted manner. [13,14] 

The aluminium casting alloy AlSi9 is particularly suitable for adapting the mechanical 
properties to the requirements of joining processes for this casting alloy by using a targeted cooling 
strategy. For this purpose, in this work, aluminium casting plates are manufactured by using the 
sandcasting process and are subsequently joined with a thermomechanical joining process based 
on adaptively produced friction elements. The input variables of the joining process in the form of 
the rotational speed and the feed rate are varied and the influence of the variation on the process 
parameters (temperature, process forces) on the joint (strength, microstructure) is described. 
Process principle of the joining using adaptive friction elements 
The basis of the versatile joining process with adaptive friction elements is a two-stage process 
chain with a wide variety of tools and setting variables, which are described in the following. In 
the first process stage, Friction Spun Joint Connectors (FSJC) are produced from a semi-finished 
product (d = 8 mm) of the steel C45e. These FSJCs are used in the second process stage to join 
two different metallic sheet materials. The basis of both process stages is the friction between the 
die and the semi-finished product or between the FSJC, the sheet metal and the die. The process 
temperatures of T > 0.6 ∙ TS within both process stages is set solely on the basis of friction without 
the use of external heating elements. The heat is required to reduce the flow stress of the auxiliary 
joining elements. 

Process stage 1. Production of friction spun joint connectors (FSJC). In the following, the 
central requirements of the first process stage are described based on the four sub steps depicted 
in Fig. 1. A cylindrical bar section of a round rod with a diameter d = 8 mm and length l = 55 mm 
is first inserted into the collet of a spindle and set in rotation. To ensure continuous rotation, a 
horizontally arranged milling spindle from the manufacturer Weiss, Mobach Germany with a 
maximum rotational speed of nmax = 14,000 rpm is used. The first process step in the production 
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of the FSJC starts with the positioning is the reaming and thus also the preheating of the rod by a 
specialised friction spinning tool made of the sintered carbide KX 40 (Co 9 %, WC 91 %). For the 
investigations described in this publication, the contact surface of the friction spinning tool consists 
of a cylinder with a diameter of d = 3 mm and a tip radius of r = 1.5 mm. The friction spinning 
tool is attached to a cross support, which allows the tool to be moved steplessly to the x and y 
coordinates shown in Fig. 1. Following positioning, the trajectory required to set a targeted FSJC 
geometry is executed at a constant rotational speed of n = 12,000 rpm and a feed rate of 
f = 50 mm/min. The last process step involves reworking the steel FSJC using a conventional 
turning process to set a uniform shaft diameter of d1 = 5.5 mm. 

 
Figure 1: Principle of the first process stage to produce FSJC. 

Process stage 2. Joining process. In the second process stage, the FSJC are used to join two 
sheets of different types (length in each case l = 105 mm and b = 45 mm). The sheets overlap by 
Δl = 16 mm and the joining point is placed centrally. In contrast to the sheet made of the aluminium 
casting alloy EN AC-AlSi9, the steel sheet of the alloy HCT590X has a pre-hole (d = 6 mm). In 
the joining process presented in this publication, the FSJC-side cast aluminium plate, which has 
no pre-hole (analogous to flow drilling), is driven-through (see Fig. 2). The FSJC produced in the 
previous process stage from the round bar of the steel material C45e has a significantly higher 
mechanical as well as temperature strength compared to the aluminium cast plate. This allows the 
aluminium cast plate to be driven-through, thus avoiding the insertion of a pre-hole. During the 
drive-through of the aluminium cast plate with the FSJC, heat is generated, which in this case is 
used to reduce the flow stress of the aluminium cast plate and thus to reduce the process forces as 
well as the tool loads. The FSJC heated by the drive-through is further fed in the negative y-
direction, so that a frictional contact with the bottom of the die subsequently occurs, which leads 
to a further strong generation of frictional heat. The material volume of the FSJC, which is also 
reduced in strength due to this frictional contact, now flows laterally and completely fills the die, 
forming the interlock required for the high strength of the joint. After reaching the end position, 
both the feed and the rotational speed are stopped and the joint is removed.  

 
Figure 2: Principle of the second process stage, the joining of two sheets. 
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Materials, methods and processes 
Central influencing variables of the joining and driving through process are the rotational speed as 
well as the feed of the auxiliary joining element [13], which have been varied in this paper in a 
wide interval in a two-stage test plan for the second process step of driving through (low/high). 
Four repetitions are carried out for each parameter combination. For the joining process itself, 
constant parameters of the rotational speed of n = 10,000 rpm and feed f = 30 mm/min are used. 
With regard to the relative movement that occurs between the rotating and fed auxiliary joining 
element and the stationary sheets, the rotational speed as well as the feed can be combined in one 
parameter, the related feed (feed per rotational speed). To investigate whether the rotational speed 
or feed as adjustable variables or the resulting dependent relative movement of the related feed is 
the main influencing variable on the driving through, the first as well as the fourth test series have 
an identical related feed of rf = 0.015 mm/rev (Table 1). 

Table 1: Experiment plan with resulting, related feed. 
Test series 1 2 3 4 
Rotational speed n [rpm] 2000 2000 10000 10000 
Feed f [mm/min]  30 150 30 150 
Related feed rf [mm/rev] 0.015 0.075 0.003 0.015 

To characterize the temperature and force as well as the properties of the joined component, 
different measuring and testing methods are used, which are described in the following. The forces 
occurring during the joining process (second process stage) are recorded by means of a strain 
gauging load cell (K6D175 50kN/5kNm/UP13) from ME-Meßsysteme GmbH Hennigsdorf, 
Germany, and subsequently processed with a measuring amplifier from Hottinger Brüel & Kjaer 
GmbH in Darmstadt, Germany (QuantumX Module MX440B). Due to the surface properties of 
the aluminium, a non-contact temperature measurement using a thermographic camera is here not 
possible. However, to record the different heat generation of the drive-through and the forming 
(depending on the rotational speed used and the feed rate), a type K thermocouple (G/G-24-KK-
IEC) from Therma Thermofühler GmbH in Lindlar, Germany, is used at a distance of Δl = 20 mm 
from the joint. The measurement signal is also processed using the measurement amplifier 
characterized above. The previously characterised tooling system in combination with the position 
and alignment of the sheets is used to directly produce shear tensile specimens. These joints are 
then tested in accordance with the standard DVS/EFB-3480-1: Testing of Properties of mechanical 
and hybrid (mechanical/bonded) joints, which applies to the testing of steel and non-ferrous metals 
up to a thickness of t ≤ 4.5 mm. In the course of the light microscopic (LM) examinations as well 
as the EBSD analyse, the joined samples were embedded in the embedding agent CEM1000 blue 
(Cloeren Technology) and then ground with a grain size of up to 4000. Subsequently, the 
specimens were polished for 24 h by an automatic polishing machine using the polishing 
suspension Silica suspension (Cloeren Technology) which includes nano particles with a size of 
50 nm. Die LM images are taken by using the Keyence VHX5000 digital microscope. In addition, 
EBSD images are taken using the Zeiss Ultra Plus scanning electron microscope (SEM) to 
investigate the microstructure. For this application, a magnification of 500 is used at a working 
distance of 13.5 mm and a step size of 0.15. 
The investigations involved the manufacture of cast plates consisting of the aluminium casting 
alloy AlSi9 using the sand casting process. For this purpose, quartz sand with an average grain 
size of 260 µm was used in combination with the cold-curing resin-hardener mixture Pentex L and 
the zircon coating 3139 KBV from Hüttenes Albertus. It was applied with a thickness of 250 µm 
and serves to prevent melt penetration into the moulding material. The quartz sand was mixed with 
the resin hardener mixture at a ratio of 100 : 0.6. Casting plates with a thickness of 2 mm and basic 
dimensions of 240 x 120 mm are produced. 
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Characteristic mechanical properties such as tensile strength, elongation at fracture and Brinell 
hardness of AlSi9 cast plates with a thickness of 2 mm can be taken from the previous study by 
Neuser et. al [15]. 
Characteristics and properties of the joining process 
In this subchapter, the properties, and characteristics of the partial-pre-hole-free joining process 
are explained and the influence of processing the casting alloy as well as the influence of the 
different variables are described. First of all, an exemplary and characteristic force and temperature 
curve determined for partial-pre-hole-free joining is presented in Fig 3. and described for two 
different feed rates during driving through (in a) f = 30 mm/min, in b) f = 150 mm/min). In the 
overall evaluation, the results of four examinations for each parameter combination are considered. 
The figure shows that at the time t = 0 s a direct contact of the auxiliary joining element with the 
pre-hole-free cast plate occurs. For the low feed rate of f = 30 mm/min, a minor force increase 
followed by a force decrease can be determined in comparison to the high feed rate. The reason 
for the decrease in the force following the setting of the local maximum is the softening of the cast 
plate that occurs due to the frictional heat inserted. In the third process step (the forming of the 
closing head), a strong increase in the process force can initially be determined due to the 
significantly increased friction surfaces in the die with a diameter of d = 14 mm. After reaching 
the global maximum force in relation to the entire process, the process forces also decrease 
significantly here due to the softening of the auxiliary joining element made of C45e material.  

 
Figure 3: Variation of the process force and temperature during the driving through and forming 
of the closing head with a) n = 2000 rpm, f = 30 mm/min and b) n = 2000 rpm, f = 150 mm/min. 

Besides the influence on the process force, a direct influence of the feed rate on the temporal 
course of the heat input can be shown. For the low feed rate of f = 30 mm/min, a constant 
temperature level in the range of T ≈ 155 °C is established (for a short time) following the driving 
through of the cast plate. For the feed rate of f = 150 mm/min, an almost constant increase in 
temperature up to the maximum can be determined. An influence of the feed rate on the 
temperature maximum cannot be determined when considering the points of investigation 
presented here.  

To illustrate the influence of the variation of the rotational speed and the feed (representable as 
the variation of the related feed) and to assess the robustness or repeatability of the process in the 
form of the setting of constant characteristic values of the force as well as temperature 
measurement, the results of the test points are compared in the following. No significant 
correlation can be determined between the rotational speed or the feed rate and the measured 
maximum temperatures. The reason for the insignificant correlation is the strong fluctuations of 
the maximum temperatures over a test series with constant rotational speed and feed. For example, 
the standard deviation SD = 44 °C of the test series with a rotational speed of n = 10,000 rpm and 
a feed rate f = 30 mm/min at an average maximum temperature of Tmax = 259 °C, which 
corresponds to a percentage deviation of approx. 17 %. Although the results vary, a technological 
explanation can be seen in the deviations within the geometry of the auxiliary joining elements, 
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which are due to the wear of the sintered carbide tools. Despite the targeted, machining reduction 
of the shaft diameter to a uniform diameter, the edge radius as well as the diameter of the flange 
show deviations within a test series. 

For the evaluation of the energy required to produce the joined joint, the measured process 
forces are considered. On the one hand, the maximum force during the joining process and, on the 
other hand, the average force during the forming of the closing head (process phase with the 
highest mechanical loads) are considered. For all investigation points, the maximum forces 
occurring during the process significantly exceed the average forces present during the forming of 
the closure head. In addition, it can be determined that, analogous to the observation of the 
temperatures, strong (standard) deviations also occur for the process forces within the individual 
test series with identical feed rates and rotational speeds. Nevertheless, the statistically non-
significant tendency of increasing forces (maximum as well as average force) with increasing feed 
can be determined. 
Characteristics of the joining connection 
The mechanical testing of the joined tensile specimens shows that a high and suitable strength 
could be achieved for all specimens regardless of the process parameters used. The maximum 
forces in the shear tensile test before failure of the joints are between Fmax = 3.3 kN and 
Fmax = 5.2 kN. For all joints, it applies that due to the lower strength of the cast plate compared to 
the steel sheet, this cast plate breaks out and the joint fails at this point. Analogous to the results 
described above with regard to the process forces and temperatures during joining, the determined 
maximum forces of the joint also show no significant influence of the process parameters of the 
feed and the rotational speed. 

In the scope of the investigations, LM images of the AlSi9 and HCT590X plates joined using 
frictional forces were obtained. An example of such an image is shown in Fig. 4. Here, the 
arrangement is as follows: on the die side, the steel sheet HCT590X is presented, and on the punch 
side, the AlSi9 cast plate is given. In the forming area of the AlSi9 cast plate, it can be seen that 
the dendritic microstructure in the die-side edge area (1) has formed a very fine Si eutectic as a 
result of partial remelting, as well as the dendritic α-aluminum has been formed by the joining 
process and has assumed a stem-like morphology. Just the latter can be seen in the LM image (2). 
During the joining process, no cracks were initiated in the cast plate, as is common, when using 
conventional mechanical joining processes. This can be avoided by modify the 
microstructure [15]. 

 
Figure 4: Cross–section LM image of joint using FSJC. 

To illustrate the forming process on the joint, Fig. 5 shows examples of EBSD images of the 
forming zone and a comparison with the as-cast condition. In addition, the EBSD images of the 
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FSJC in the same conditions are shown. Due to the forming process as well as the partial melting, 
grain refinement can be observed in AlSi9. In the basic material (AlSi9), large grains are evident, 
which is typical for a sand-cast microstructure. Due to the low plate thickness of 2 mm, a 
solidification-related orientation of the grains is detectable. In comparison, in the heat-affected 
zone, a finer microstructure and, due to the forming process, an orientation alteration of the grains 
can be observed. In the case of the rivet material C45e, recrystallization takes place as a result of 
the previous forming and the thermal influence. The comparison of the two EBSD images shows 
the significantly smaller grains. 

 
Figure 5: EBSD-analyse of aluminium casting (left); FSJC rivet consisting of C45e (right). In 

addition, a difference is made between images taken on the basic material and in the heat-
affected zone. 

Conclusion 
The results of this study show that, regardless of the parameters used for the thermomechanical 
joining process, suitable strengths can be achieved for the joint between the hypoeutectic 
aluminium casting alloy plate and the steel sheet for all the joints investigated. The combination 
of joining processes and hypoeutectic aluminium casting plates used here can therefore overcome 
the challenges described in the prior state of the art with regard to joining aluminium casting alloys. 
An influence of the process parameters of the rotational speed and the feed rate on the force and 
temperature curves in the different process phases could be demonstrated. Due to the friction-
induced application of heat and the associated partial melting, a grain refinement in the AlSi9 
aluminium alloy due to recrystallisation can be determined. Furthermore, no cracks in the cast 
material can be detected at the joint, as is the case with conventional mechanical joining processes. 
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Abstract. Aluminum Lithium alloys are recuperating substantial interest from automotive and 
aerospace industries owing to their extraordinary specific strength as compared to conventional 
aluminum (2xxx, 6xxx, and 7xxx) alloys. The goal of the present investigation is to study AA 8090 
joints produced with the unique solid-state welding technique friction stir welding (FSW). Tool 
pin profile induces remarkable influence on friction and further plastic deformation during FSW. 
Therefrom, the influences of three distinct but constant dynamic area conditioned tool pin 
geometries namely, square trapezoidal, hexagonal trapezoidal, and threaded taper on the resulting 
material flow patterns, mechanical properties, and the microstructure have been studied and 
discussed in detail. The FSW joint produced with hexagonal trapezoidal pin geometry delivered 
the highest joint resistance owing to grain refinement and almost flawless microstructure. 
Introduction 
The development of 2nd generation Al-Li alloys had stirred the aerospace and automotive industries 
by offering 2-8 % lesser density than most conventional 2000 and 7000 series aluminum alloys. 
This novel Al-Li alloy not only offers the potential for substantial weight saving in structural 
components but high specific strength and corrosion resistance [1]. Furthermore, these alloys 
possess excellent mechanical properties owing to a wide variety of precipitates present in the 
microstructure, depending on the heat treatment condition [2]. However, the joining of these alloys 
by conventional arc welding methods is problematic due to the defects associated viz., porosity, 
hot cracking, and evaporative loss of Li [3]. 

FSW is an innovative solid-state joining technology wherein such fusion-related defects can be 
eradicated up to a certain extent [4]. During FSW joining is carried out by the plastic material flow 
engendered by hot–shearing action engendered by rotating non-consumable tool. Until now, the 
majority of investigations in FSW of Al-Li alloy are focused on the influences of various process 
parameters like tool rotation (TR) and tool traverse (TT) speeds on microstructure and resulting 
mechanical properties [3, 5]. Lertora et al.[5] have discussed the role of revolutionary pitch (RP) 
on joint resistance and the fatigue strength of the prepared joint. They reported enhanced properties 
with lower RP values owing to defect-free microstructure obtained by higher specific thermal 
contribution (STC). As reported by Alam et al. [6], apart from the machine parameters like TR and 
TT, tool pin geometry plays a vital role in the material flow characteristics, STC and so the 
resulting microstructure. However, hardly a few researchers have reported the role of pin geometry 
on the microstructure and properties of FSW joints. 

For a rotating body, eccentricity is related to the dynamic orbit generated due to the disparity 
between the two centers. As FSW is concerned, polygonal pin geometries such as square or 
hexagonal can be related to eccentricity. During tool stirring such eccentricity incorporates 
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incompressible material to hover around the pin profile. As reported by Thomas et al. [7], the 
eccentricity of the rotating body can be associated with the dynamic volume of the pin profile 
owing to different centers. The volume of the engendered WZ at the end of FSW is basically 
similar to the dynamic volume of pin geometry. The trajectory of the material flow is majorly 
decided by the ratio of static to dynamic volume. In this regard, the present study is aimed at 
investigating material flow, microstructure, and mechanical properties resulting from various tool 
pin profiles possessing constant dynamic volume. 
Experimental Design 
Aluminum alloy 8090 (Li 2.7%, Mg 0.6-1.3%, Cu 1-1.6 %, Fe 0.6%, Si 0.2 %, Mn 0.1%, Cr 0.1, 
Al bal%) plates with dimensions:100mm×50mm×6mm were used as substrates (Supplier: Migliari 
Allumino srl). All the experiments were conducted on fully automatic ESAB (LEGIO) FSW 
machine. Butt joints were produced using three different M3 (Molybdenum enriched high-speed 
steel) tools as depicted with their geometries in Fig. 1. The milling center was used to manufacture 
polygonal pin profiles (Tool 1 & 2) whereas the turning center was used to manufacture taper 
threaded cylindrical pin profiles (Tool 3). 

Figure 1: Tool geometries: (a) Square Trapezoidal pin (b) Hexagonal Trapezoidal pin (c) 
Tapered Threaded cylindrical pin1 

All the experiments were carried out using the tool with the same shoulder diameter (SD) and 
pin length (PL) i.e. 18 mm and 5.9 mm, respectively. The static and dynamic conditions of distinct 
pin geometries are tabulated in Table 1. The faces of polygonal pins as well as conical pins were 
designed in accordance to have the same dynamic area conditions during FSW. Static dimensions 
are the actual dimensions of the pin which were used for the tool manufacturing. Dynamic 
dimensions are those which result during the stirring action (tool rotation). Dynamic volume 
decides the swept volume of the WZ. Apart, the TR, TT, and tilt angle were optimized with 
previous feasibility trials and kept constant for each tool pin geometry viz., 1700 rev. min-1, 
50 mm min-1, and 3º respectively. Three FSW specimens were prepared with each welding 
condition as tabulated with their specimen IDs in Table 2. The temperature was also monitored 
during FSW for each specimen through mounting the K-type thermocouple 3mm beneath and 15 
mm sideway from centre of weld line.  
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Table 1: Details of tool pin design on static and dynamic area conditions* 

Pin 
Profile 

Pin 
Dimensions 

[mm] 

Vs 
[mm3] 

Vd 
[mm3] 

Vd/ Vs Static 
area 

condition 

Dynamic 
area 

condition 
Square 

Trapezoidal  
PL: 5.9 

a: 4 115.52 

134.4 

1.16 

  

Hexagonal 
Trapezoidal  

PL: 5.9 
a: 6 126.57 1.06 

  

Tapered 
Threaded 
cylindrical  

PL: 5.9 
Dr:6   Dt:4 130.24 1.03 

  

*PL: Pin Length, Dr: Root Diameter, Dt: Tip Diameter ,  a: No. of faces/sides of polygonal pin 

Table 2: Specimen IDs with their FSW conditions 

Specimen  
ID 

Pin Geometry Tool Rotation 
[rev minute-1] 

Tool Traverse 
[mm minute-1] 

Tilt 
Angle 

A Square Trapezoidal 
1700 50 3º B Hexagonal Trapezoidal  

C Tapered Threaded cylindrical  
Microstructural examination specimens were sectioned perpendicular to the welded joint line 

as exhibited in Fig. 2. They were further polished up to 1µm finish as per the standardized 
specimen preparation process. Each specimen was further etched with Keller’s etchant (1 ml HF 
+ 1.5 ml HCL + 2.5 ml HNO3 + 95 ml DI water) [8]. The WZ area, grain morphologies, gross 
microstructure, and defects were analyzed with optical macro and microscopy. 

Specimens prepared with each welding condition were sliced with a wire-cut electro-discharge 
machine (EDM) for extracting tensile specimens with dimensions according to ASTM E8M-04 
guidelines.  

Figure 2: Tensile Specimen Schematic 
Results And Discussion 
Thermal Impact. Table 3 summarizes the effective pin and shoulder area, peak temperatures during 
FSW, and area of WZ resulting from different pin geometries. Therefrom, it is seen that specimen 
A, which was prepared with square trapezoidal pin geometry displayed the largest WZ area 
followed by specimen B and specimen C. This can be attributed to the different heat inputs 
generated by different pin geometries. The peak temperatures for the square trapezoidal pin 
geometry specimens are also the highest among the other geometry. The amount of frictional heat 
engendered during FSW can be attributed to two different interactions. First, the interaction 
between the tool pin and substrate material wherein the pin geometry makes the difference. 
Secondly, the shoulder-substrate interaction inducts a major amount of heat. 
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Table 3: Specimens Id wise tool geometry dimensions, peak temperature, and WZ area 

It is important to notice that the effective shoulder area is higher than that of the pin for all the 
tools. Further, the effective shoulder area reduces as the number of faces is increased from 4 for 
square geometry to 6 for hexagonal geometry to infinite faces for cylindrical geometry. 
Conversely, the effective pin interaction area upsurges as the number of faces increases. Since the 
shoulder friction contribution to total heat input is much higher than the pin, the square pin 
geometry specimens exhibited the highest peak temperatures as compared to hexagonal and taper 
cylindrical pin geometry specimens. Accordingly, as the resulting WZ area is highly reliant on the 
peak temperature during FSW, the square trapezoidal pin geometry specimens exhibited the 
highest WZ area. Apparently, it is now well understood that WZ is the reflection of the tool pin 
geometry clubbed with the temperature history during FSW. 

Micro and Macrostructural characterization. Fig. 3 exhibits macro and microstructural zones 
developed at distinct locations of the prepared FSW joints with distinct pin geometries. From the 
macrostructure, an interesting observation can be made about the material flow for all the samples. 
Therefrom, complete penetration of the tool pin was evident for all the specimens. Moreover, 
interesting observations can be made with distinct material flow patterns pertaining to each 
specimen. The tool substrate interaction generally happens in two areas namely, the shoulder 
interaction area and the pin interaction area. The material flow that happened at the top of WZ is 
attributable to shoulder interaction while for the middle and the bottom region, pin interaction. The 
microstructure of all the specimens has revealed the microstructural transition from WZ to thermos 
mechanically affected zone (TMAZ), and TMAZ to heat affected zone (HAZ). The WZ of all the 
specimens were characterized with finer grain structure which can be attributed to dynamic 
recrystallization while FSW[4, 9-11]. 

As reported by Elangovan et al. [12] polygonal pin profile produces the pulsating action 
whereas no such pulsation is produced with cylindrical or tapered cylindrical pin geometries. The 
number of pulses/second considerably contributes to the amount of plastic deformation and heat 
generation. The number of pluses can be calculated by multiplying the TR by the number of flat 
faces. Hence for a square pin, it is 113 pulses/second, while it is 170 pulses/second for the 
hexagonal trapezoidal pin. A higher number of pulses/second generates higher turbulence while 
stirring which ensues in finer grain structure along with well-distributed fine precipates [9]. The 
grain size comparison is portrayed in Fig. 3(d) for each sample. 

The unprocessed substrate displayed a grain size of ~120 µm mostly shaped like a pancake as 
plates were obtained from a rolled stock of AA 8090. These grains were refined by almost 90-95% 
in the WZ of prepared FSW joint specimens. Such extreme grain refinement in WZ can be 
reportedly attributed to several DRX mechanisms [13]. Su et al. [13] have reported several grain 
sizes in different portions of WZ in multi-pass FSP ensuing from discontinuous DRX mechanism. 
As discussed earlier, since the WZ grains of joints prepared with polygonal pins experience 
multiple pulses engendering tremendous plastic deformation and turbulence, a discontinuous DRX 
mechanism can be opted in the present case. On the one hand, the joints prepared with polygonal 
pins exhibited more grain size variations in WZ as compared to threaded taper cylindrical pins. 

Specimen 
Id 

Pin Geometry Effective 
pin surface 

area 
[mm2] 

Effective 
shoulder 

surface area 
[mm2] 

Peak 
Temp 
[°C] 

Standard 
Deviation 

Weld 
Zone 
Area 

[mm2] 
A Square Trapezoidal 119.56 236.16 393 +4, -3 47.12 
B Hexagonal 

Trapezoidal 
124.49 231.27 384 +2, -3 38.58 

C Tapered Threaded 
cylindrical 

128.57 229.68 363 +3, -4 29.75 
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This has resulted due to intermittent interaction of the pin’s multiple faces and substrate during 
FSW using polygonal pins. This intermittent interaction further creates turbulence and leads to 
non-uniform grain deformation. On the other hand, the joints prepared with threaded taper 
cylindrical pin exhibited finely distributed grain structures with less variation.  

Figure 3: Macro and Microstructures of the specimens joined with different pin geometries:  
(a) Square Trapezoidal Pin (b) Hexagonal Trapezoidal Pin (c) Tapered Threaded cylindrical Pin 

(d) Grain structure comparison of all the specimens with parent metal 
It is noteworthy that with an increase in the number of faces of the polygon the grain size 

variation diminishes as evident with the hexagonal pin geometry. As described in section 2.1 the 
dynamic volume of all the pin geometries was kept the same. For more regular shapes like 
cylindrical geometry, there is less or no disparity between the static and dynamic volume and so 
their ratio is unity. Specifically, in the case of polygonal pin geometries, this disparity increases 
with a reduction in the number of faces. For instance, the ratio is maximum in the case of square 
pin geometry, whereas it gets close to unity with hexagonal pin geometry (see Table 1). So, when 
the number of faces is increased from 4 to 6 the pin geometry gets closer to cylindrical geometry 
and creates less turbulence during FSW and deforms grain more homogeneously. Although the 
lowest grain sizes of 3-8µm were noticed with the hexagonal trapezoidal pin geometry, the 

(c) 

(b) 

(d) 

(a) 
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threaded tapered cylindrical pin exhibited slightly larger (5-8µm) but more uniform grains in the 
WZ. The WZ of the square threaded specimen exhibited the largest grain size of 4-15µm. 

Apart from that, the specimen processed with a hexagonal trapezoidal pin exhibited almost 
defect-free WZ (see Fig. 3(b)). Whereas the WZ of the square trapezoidal pin specimen was 
characterized with a large wormhole cavity, the WZ of the taper cylindrical pin specimen was 
identified with a small cavity at the bottom as exhibited in Fig. 3(a) and (c) respectively. As 
indicated earlier the pulsating action engendered by polygonal pin multiple faces fosters turbulence 
while stirring in FSW. As the number of faces in the pin decreases a larger material void is created 
intermittently around the pin which gives rise to the cavity or tunnel in the WZ. However, with 
increases in the number of faces, the geometry becomes alike circular and so in absence of such 
intermittent material flow and void generation, the defects are minimized.    

Tensile test behavior. All the specimens were subjected to tensile testing as per ASTM E8M-
04 guidelines. The joint resistance results along with joint efficiencies are compared for all the 
specimens through the chart portrayed in Fig. 4. 

Figure 4: Tensile properties comparison of all specimens  
Specimen B which was joined with hexagonal trapezoidal pin geometry delivered the highest 

joint resistance of 342 MPa and remarkable joint efficiency of ~78 %. It is noteworthy that the % 
elongation was almost 60% that of the substrate. Such remarkable joint properties were observed 
owing to highly refined grain structure in the WZ characterized by flawless microstructure. The 
highest grain refinement ensued from the pulsating action of hexagonal tool faces offers a higher 
grain boundary area which in due course hinders the dislocation motion. This hindrance not only 
increases joint resistance but also increases other properties like hardness and fatigue 
resistance [14]. Apart, precipitation strengthening offered by major precipitates like Al2CuLi, 
Al3Zr, and Al3Li are also attributable for heightened properties [3]. Moreover, as WZ of specimen 
B possessed different sizes of grains, the larger grains aided in boosting the % elongation up to 
60 %. As far as the other two cases are concerned, specimen A which was joined with square pin 
geometry delivered meager joint resistance owing to a large cavity in the center of the WZ, whereas 
specimen C produced with a threaded taper pin exhibited moderate joint resistance owing to the 
cavity at the bottom of the joint. 

Apart from the joint resistance results, it is important to consider the location of the fracture for 
the tested specimens. The location of the fracture for each tensile specimen is depicted by white 
arrows in Table 5. 
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Table 5: Tensile test fracture specimens displaying fracture location for all the welding 
conditions 

Therefrom, it can be observed that except for specimen B, all the specimens fractured from the 
center of the WZ. The WZ of specimens processed with a square trapezoidal pin and threaded 
taper cylindrical pin was identified with cavity and tunnel defects at the center/ bottom which may 
be the preferential site for the crack initiation and further growth leading to the fracture. However, 
it was interesting to notice that the specimens prepared with hexagonal pin fractured from the 
TMAZ/HAZ interface. This can be understood by the two circumstances. Firstly, the WZ of these 
specimens was characterized with immaculate microstructure. Secondly, as depicted in section E 
of Fig. 3 (ii) the transition zone of the TMAZ/HAZ was characterized with the transition of the 
fine grain to a larger grain structure. As the WZ possesses a highly refined grain structure, the 
HAZ region becomes the weak spot and a preferential site for crack initiation and further growth.  
Conclusions 

The present investigation described the influences of distinct pin geometries on thermal 
characteristics, microstructural characteristics, and mechanical properties of AA 8090 FSW joints. 
Further, the following conclusions were extracted from the investigation:  
• The tool pin geometry significantly influences the heat generation, microstructural features 

like weld zone size, grain size, grain morphology, and mechanical properties like joint 
resistance and joint elongation. 

• Square trapezoidal pin geometry generated the highest heat input with a peak temperature of 
395 ºC even though possessing the lowest pin face area. However, this geometry offers the 
highest effective shoulder interaction area and the shoulder’s frictional heat contribution is 
greater than the pin’s contribution. This pin geometry delivered the specimen with the highest 
WZ area owing to the highest peak temperature. 

• The pulsating action of the polygonal pin characterized by the number of pulses/second 
contributes greatly to the grain refinement and distribution pattern during FSW. Specimen 
prepared with the hexagonal trapezoidal pin exhibited the finest grains owing to the turbulence 
created by the highest number of pulses/second. Simultaneously, the lower number of pulses 
creates intermittent material voids around the pin while tool stirring which is responsible for 
the greater non-uniformity in the grain sizes and the defects generation.  

• The specimens joined with hexagonal trapezoidal pin exhibited the highest joint resistance 
along with the highest elongation in line with the grain size results. The rare combination of 
the high joint resistance and elongation was possible owing to a moderate disparity in the grain 
sizes in the weld zone of these specimens, wherein larger grains promoted the elongation. Only 
these specimens fractured from the TMAZ/HAZ interface owing to a large grain size gradient 
at the interface and a weak HAZ region characterized by larger grains. 

  

Specimen 
ID. 

Fractured specimen: Location Fractured Specimen: Side view 

A 

  

B 

  

C 
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Abstract. Components produced by sheet metal forming can so far only be characterized locally 
to a limited extent using conventional tests, such as the tensile test or the hydraulic cupping test, 
due to the size of the specimen. A new approach based on miniaturized upsetting specimens taken 
from the sheet plane allows to determine the material properties of semi-finished products locally, 
for example in radii. However, in addition to this specific advantage, challenges such as friction 
between the specimen and the tool also appear with this testing method. For an accurate 
determination of the material parameters, it is therefore necessary to correct the test force by the 
friction coefficient. According to the state of the art, a variety of tests for friction coefficient 
characterization exist. By using a novel numerical method, friction coefficients for upsetting tests 
can be calculated contact pressure-dependent by means of an experimental single layer upsetting 
test. Therefore, in this paper, this method will be used for the first time to compensate the friction 
part in an upsetting test with miniaturized specimens as a function the contact pressure. This can 
improve the experimental mapping of the material behavior in the uniaxial compression stress state 
with increasing strain and hardening, since share of friction force increases with a higher 
deformation in the upsetting test. In contrast, a friction coefficient compensation based on an 
average value is provided in order to analyze, whether or in which case a contact pressure-
dependent friction compensation is appropriate. In particular, for upsetting tests with miniaturized 
specimens, these results are relevant, since a major advantage of this test compared to conventional 
tests besides the local component characterization is the determination of material properties at 
high strains. 
Introduction 
The upsetting test with cylindrical specimens is used in bulk metal forming mainly to determine 
the flow behavior. In this test, a cylindrical specimen is upset between two flat, parallel tool 
surfaces. Assuming homogeneous deformation, the material behavior in the uniaxial compression 
stress state can thus be determined, for example, to create material models. The standard for this 
test is DIN 50106 and, in accordance with this norm, the specimen size may be scaled as required. 
However, it must be taken into account that size effects can occur in specimens with two 
dimensions in the submillimeter range [1]. Miniaturized upsetting specimens can be extracted 
directly from the sheet plane and thus the material behavior of sheet materials in the uniaxial 
compression stress state can be also characterized [2]. Compared with conventional test methods 
such as the tensile test, this test method provides the advantages that material properties can be 
analyzed locally in sheet metal products (dimensions of the specimen < 2 mm) and considerably 
higher degrees of deformation can be achieved. However, in addition to complicated specimen 
manufacturing, the test method also faces the challenge of friction influence. During the test, 
frictional forces occur due to the strain of the cylindrical specimen parallel to the tool surface, 
which affects the test force. Thus, for a correct calculation of the yield stress, the test force must 
be compensated to eliminate the friction influence. In forming technology, either the Coulomb 
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friction coefficient model [3] or, for especially high contact pressures, the friction factor model [4] 
is used to describe the friction behavior. According to [5], the friction coefficient model is valid 
for friction coefficients to Tresca up to 0.5 or to Mises up to 0.577, if the normal stress σN is equal 
to the yield stress σ. For friction compensation of the test force in the upsetting test, there is the 
possibility to combine the friction coefficient model and the friction factor model [6]. But usually 
the Coulomb friction coefficient model is suitable for the upsetting test, because the normal stress 
in the upsetting test corresponds approximately to the yield stress and the friction coefficients are 
lower than 0.5 due to the application of lubrication. Consequently, the approach according to 
Siebel [7], which is based on these model, can be used for friction compensation. Assuming an 
isotropic deformation of the specimen, the related formula from Siebel allows to calculate the yield 
stress σ as a function of the specimen diameter d, the specimen height h, the punch force FP, the 
specimen area A and the friction coefficient μ: 
 

FP = A ∙  σ ∙  �1 +  1
3

 ∙  μ ∙  d
h
�.                                                                                                                    (1) 

 
Except for the friction coefficient and yield stress to be calculated, all parameters can be 

obtained by the measured test load and the strain in the loading direction based on the volume 
constancy under the assumption of homogeneous deformation. Thus, an exact experimental 
characterization of the friction influence is required to evaluate the yield stress applied in the 
material of the specimen. Various tests exist for this purpose, such as the strip drawing test or the 
pin on disk test [8]. But these tests are only suitable to a limited extent for characterizing the 
friction at high contact pressure or as a function of the contact pressure. In particular, however, it 
is necessary for upsetting tests, since the contact pressure increases steadily during compression. 
For example, a tribological system can be modified by the smoothing of lubrication pockets due 
to an increasing contact pressure. However so far only publications are available that investigated 
friction compensation with a constant friction coefficient. In this way, Christiansen et al. [6] 
reduced the friction influence with a numeric approach and Obiko [9] used an analytical approach 
for that. By means of a new combined numerical-experimental approach according to Kraus et al. 
[10], the friction can be determined dependent on the contact pressure using a single layer 
compression test as an improved alternative to the ring test method [11]. This method is adopted 
in this contribution in order to obtain a non-friction influenced flow curve based on the formula 
according to Siebel for the upsetting test with miniaturized specimens. Due to the friction 
compensation, the experimental mapping accuracy of the local material behavior from sheet metal 
products can be improved. As test material, the conventional deep-drawing steel DC04 with a sheet 
thickness of 2.0 mm together with the high-strength aluminum alloy AA7075-T6 with a sheet 
thickness of 1.5 mm are investigated. 
Contact pressure-dependent friction coefficient characterization 
In order to reduce a flow curve from an upsetting test about the frictional influence, the friction 
coefficient must first be determined experimentally with a comparable tribological system. The 
method according to Kraus et al. [10] is based on a single layer upsetting test and therefore 
excellently suited for characterizing a friction coefficient for an upsetting test. In addition, the 
method provides the advantage that the coefficient of friction can be evaluated as a function of the 
contact pressure. The associated methodological procedure is shown in a schematic illustration in 
Fig. 1. According to that, a single layer compression test must first be carried out experimentally. 
For this purpose, a round specimen with a diameter of 10 mm is cut from a sheet with the TruLaser 
Cell 7020 laser (Trumpf GmbH + Co. KG) and subsequently compressed in a tool with two parallel 
and flat surfaces on the walter + bai testing machine (ZwickRoell AG). A spherical cap in the 
lower part of the tool ensures parallelism. The specimen is upset by the total strain of εTS = 0.5 and 
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the nominal strain rate during the test is ε̇ = 0.005 1/s. Three repetition experiments are performed 
for the two materials DC04 and AA7075-T6. The sample height corresponds to the respective 
sheet thickness. Both the force and the displacement are measured by the machine throughout the 
test. Due to the stiffness of the machine, the force and displacement data must be corrected. 
Therefore a correction curve is generated by closing the upper and lower tool without a specimen, 
so that the system modulus of the machine and the tool is determined. Using this correction curve, 
the force and displacement data are corrected accordingly. Since conventional upsetting tests are 
carried out with a lubricant to reduce friction, the deep-drawing oil Dionol ST V 1725-2 (MKU-
Chemie GmbH) is applied before the test. Force-strain curves are calculated for both materials 
after testing procedure. 

 
Fig. 1 Method for determining the contact pressure-dependent friction influence according to 

Kraus et al. [10] 
In addition to the experimental performance of the single layer compression test, the 

experimental setup will also be numerically modeled by the simulation program Ls Dyna 
(Dynamore GmbH) in order to generate a nomogram for friction coefficient determination. The 
simulation model is based on the test conditions of the experimental setup. The material model 
used is Mat_24, which is based on yield locus curve of Mises. The flow curves are extrapolated 
according to Hocket-Sherby. It is particularly relevant in this method that the deposited flow curve 
for the material model is not influenced by friction. Furthermore, the yield curve should represent 
the same stress state as the single layer compression test. In this way, the flow curve from the 
numerical single layer compression test with a friction coefficient μ = 0.0 is equivalent to the flow 
curve from the experimental single layer compression test without a friction component. 
According to Camberg and Tröster [12], the uniaxial compression stress state in the layer 
compression test with an isotropic deformation is identical to the biaxial tension stress state in the 
hydraulic bulge test. For that reason, the flow curve from a hydraulic bulge test based on DIN EN 
ISO 16808 is used to represent the two test materials in the respective simulation model, which is 
not influenced by friction. Subsequently, the simulation is explicitly calculated for the friction 
coefficients from μ = 0.0 to μ = 1.0 in the gradations as shown in Fig. 2. The 10 numerical force-
strain curves are plotted then with the experimentally determined force-strain curve into a 
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nomogram. By interpolation, a friction coefficient can be assigned to each strain value of the 
experimental force-strain curve. Since the contact pressure in the compression test corresponds 
approximately to the true stress and each strain value can be assigned to a stress value, the friction 
coefficient can then be depicted as a function of the contact pressure. It should be noted that the 
friction factor model is to be preferred if the determined friction coefficient is above 0.5. The 
respective nomograms for the two materials are shown in Fig. 2.  

 

 

 
Fig. 2 Nomogram of the numerically determined force-strain curves for different friction 

coefficients with experimentally measured force-strain curve for the materials DC04 (a) and 
AA7075-T6 (b) 

As expected, the upsetting force increases with higher friction coefficients for both materials. 
The standard deviation of the experimental force-strain curve is consistently low for DC04. 
However, for AA7075-T6, the standard deviation increases clearly at a strain of 0.2. After testing 
procedure, small amounts of the aluminum alloy remained visible on the tool surfaces. Therefore, 
the higher standard deviation can be attributed to the tendency of aluminum to adhesion. Moreover, 
adhesion leads to a considerable rise in the force, since the frictional force increases. It should be 
noted that at low strains, the simulated curves are located close to each other, because in this range 
the frictional influence is less pronounced. Therefore, it may be necessary to define a limit that 
determines the range of validity for the specified friction coefficients.  

The friction coefficients as a function of strain can subsequently be determined from the 
nomograms by interpolation. Following Coulomb's friction law [3], the frictional force FF is a 
function of the normal force FN. By extending this formula about the contact area A, the friction 
stress τF can also be described as a function of the contact pressure σN and the friction coefficient:  
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FF =  μ ∙  FN       
∙A
→     τF =  μ ∙  σN                                                                                                                    (2) 

 
Based on the friction law used, the friction influence is dependent on the normal force or contact 

pressure. Depending on the specimen geometry, for a certain strain there can be different contact 
pressures. Therefore, the friction coefficient must be shown as a function of the contact pressure 
and not as a function of the strain.  

 
Fig. 3 Contact pressure-dependent friction coefficient for DC04 (a) and AA7075-T6 (b) 

By assigning the corresponding true stress from the experimental single layer compression test 
to the strain, the friction coefficient is obtained in dependence on the contact pressure. In Fig. 3, 
this functional relationship is shown for DC04 and AA7075-T6. In both diagrams, the curves do 
not start at a contact pressure of 0 MPa, instead they start at approximately 80 MPa for DC04 as 
well as at 440 MPa for AA7075-T6. The reason for this is that in this range the experimental force-
strain curve is outside the numerically determined curves in the nomogram and thus an 
interpolation of the friction coefficients is not possible. Initially, the friction coefficient increases 
for both materials up to a value of 0.48 for DC04 and 0.04 for AA7075-T6. For DC04, thereafter, 
the friction coefficient decreases continuously with increasing stress, while for AA7075-T6 it 
increases again at a pressure of 660 MPa. The cause of the increase in friction coefficient is due to 
adhesion and the resulting raise in friction influence with AA7075-T6. The previous decrease in 
friction coefficient might be because roughness peaks are smoothed by the increasing contact 
pressure and thus the friction influence decreases. Since no adhesion occurs for DC04, the friction 
influence decreases continuously for this material. However, because the friction coefficients for 
both materials initially increase from the first data point onward with values below 0.01, which 
are clearly below conventional friction coefficients, it can be assumed that these data points lie 
outside the previously mentioned range of validity of the nomogram. In this range, the numerically 
determined force-strain curves have such a close distance to each other in the nomogram that no 
reasonable determination of the friction coefficient is possible. Therefore, for DC04 the limit for 
the first valid friction coefficient is set to the maximum at μ = 0.48 at a pressure of 160 MPa, and 
for AA7075-T6 the limit is set to the first maximum of μ = 0.04 at 590 MPa. By considering a 
contact pressure-dependent modeling, effects such as adhesion or the smoothing of the surface 
during the upsetting test are taken into account.   
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Friction compensation in the upsetting test with miniaturized specimens 
Therefore, the results from the method for contact pressure-dependent friction coefficient 
determination are now applied to the upsetting test with miniaturized specimens. The procedure 
for characterization based on Hetz et al. [2] of sheet metal using the miniaturized cylindrical 
upsetting specimens is shown in Fig. 4. First, sheet metal strips are taken from a sheet by wire 
electrical discharge machining using the UT2000 (GF machining Solution), from which in turn 
upsetting samples are separated parallel to the sheet plane by micro electrical discharge machining 
on the X-200-HPM (Sarix SA). The specimen diameter d0 corresponds to the respective sheet 
thickness (DC04 = 2.0 mm, AA7075-T6 = 1.5 mm). 

       
Fig. 4 Methodical procedure for the characterization of sheet metal using the upsetting test with 

miniaturized specimens according to [2] 
Based on a specified upsetting ratio of 1.5, the height h0 is therefore 3.00 mm for DC04 and 

2.25 mm for AA7075-T6. A total of three repetition tests are carried out for each material. All 
specimens are measured with the Infinite Focus G5 optical measuring system (Alicona GmbH) to 
ensure dimensional accuracy. After specimen manufacturing, the samples are tested on the Z10 
universal testing machine (ZwickRoell AG). The same upsetting tools are used as in the single 
layer compression test, as well as the same lubricant. Consequently, the tribological system of the 
upsetting test with miniaturized specimens is comparable to that of the single layer compression 
test. Also, the specimens are tested by εTS = 0.5 with a strain rate of 0.005 1/s. The parallelism of 
the upsetting tools is again ensured by a spherical cap in the lower part of the tool. Both force and 
displacement data, which are adjusted by a correction cure for the stiffness of the testing machine, 
are measured. Assuming isotropic deformation, the true cross-section and thus the true stress in 
the material during the test can be calculated via the volume constancy obtained by the strain in 
the loading direction. In this way, flow curves are at first created for DC04 and AA7075-T6 
without compensation of the friction influence. These curves are shown in Fig. 5. Subsequently, 
the flow curves are compensated by their friction component according to formula (1) of Siebel. 
In the two diagrams, the curves are corrected for the respective contact pressure-dependent friction 
coefficient and for the mean value of the friction coefficients occurring in the respective stress 
range. Since limits for the validity of the nomogram were previously established, friction 
coefficients for contact pressures below 160 MPa of DC04 and below 590 MPa of AA7075-T6 are 
missing. Therefore, the first valid value of μ = 0.48 for DC04 and μ = 0.04 for AA7075-T6 are 
used for these contact pressure ranges. The mean values of the friction coefficients are μ = 0.091 
for DC04 and μ = 0.033 for AA7075-T6.  
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Fig. 5 Flow curves from upsetting test with miniaturized specimens with and without 

compensation of frictional influence for DC04 (a) and AA7075-T6 (b) 
For AA7075-T6, the difference between contact pressure-dependent and mean value 

compensation is marginal and can be neglected. This is due to the fact that the friction coefficients 
in the contact pressure range, which is equivalent to the stress range of the flow curve, are quite 
small and change only slightly compared to the mean value. However, it must be noted that the 
influence of the friction coefficient would increase substantially at higher contact pressures due to 
adhesion. But the flow curves of AA7075-T6 are only available up to a contact pressure of 750 
MPa, because due to microcracks in the miniaturized upsetting specimen about a true strain of 
0.21. In the case of DC04, the contact pressure-dependent friction coefficients deviate clearly from 
the mean value to a certain extent. Therefore, this leads to distinct differences in the two types of 
friction compensation used at the yield strength and is increasing with higher strains. The 
difference is about 10 MPa at the yield strength, which corresponds to about 5 percent of the yield 
stress at this point. At higher strains, the difference is much smaller with about 2 percent of the 
yield stress resulting in an absolute value of 10 MPa as well. For both materials, it can be 
recognized that the share of friction force increases with higher strain. This is due to the fact that 
a compression of the specimen decreases the height and increases the diameter. It can be conducted 
in accordance with the formula of Siebel (1), that a reduction in the ratio of height to diameter 
increases the amount of friction and also leads to a change in surface properties. For this reason, 
friction influence at high strains should generally be compensated either as a function of contact 
pressure or independently of contact pressure. 
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Summary 
Consequently, a contact pressure-dependent friction compensation leads to a substantial 
improvement in the mapping of material behavior in the characterization with upsetting tests. It 
should be noted that the friction coefficient as a function of contact pressure is clearly dependent 
on the material and differs significantly from an averaged friction coefficient at the yield strength 
in the case of DC04. For AA7075-T6, the difference is considerably smaller, but contact pressure-
dependent friction compensation is also required here if stresses above 800 MPa are reached. 
Despite that, a contact pressure-dependent friction coefficient determination for low contact 
pressures is only possible to a limited extent with presented the method, so there is still a need for 
research for this case. In conclusion, it is recommended to compensate the friction influence in the 
upsetting test as a function of contact pressure. In this way, for example, the yield strength of the 
material in sheet metal formed parts can be measured much better by the upsetting test with 
miniaturized upsetting specimens, which has a particularly large influence in material models and 
thus in the numerical imaging accuracy. 
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Abstract. In the present paper, the mechanical properties of a AA2024 welded by Friction Stir 
Welding (FSW) were examined, both homogeneously and using a commercial pure copper sheet 
positioned between the edges to be welded in two configurations, T and C. The temperature trends 
reached during the FSW process were extrapolated through the development of a simulative 
model, to select the best combination of parameters to use in the experimental phase of the 
campaign. After that, the FSWed homogeneous and heterogeneous joints were executed and 
analysed. From the mechanical point of view, Rockwell B hardness tests and tensile tests were 
performed. It was possible to evidence a good relationship between the hardness distribution and 
the presence of the copper, especially at the nugget. On the contrary, the tensile tests executed 
orthogonally to the welding direction, showed a reduction of the tensile strength and of the real 
elongation percentage in the aluminium-copper heterogeneous FSWed joints. 
Introduction 
The Friction Stir Welding (FSW) is one of the most significant technological developments in 
metal joining of the last thirty years and it is considered a sustainable technology thanks to its 
energy efficiency. Friction Stir Welding is a welding technology developed by The Welding 
Institute (TWI) [1]. This solid-state mechanical joining technique is used to make joints between 
similar or dissimilar materials that are difficult to weld with conventional fusion techniques, such 
as sintered materials, magnesium, copper, Inconel, titanium, metal matrix composites and 
thermoplastics [2]. It is also used for high-strength aluminium alloys, which are difficult to join 
using traditional techniques due to their typical microstructural alteration during ageing hardening. 
In fact, the precipitates that are created thanks to the thermal treatment, interact with the 
dislocations within the matrix, influencing their mobility, and, consequently, the mechanical 
behaviour of the material. The morphology of the precipitates, the orientation, the distance 
between them and the degree of their coherence with the matrix contribute to the effectiveness of 
the precipitates themselves as a barrier to the movement of dislocations [3]. In particular, the 
interactions between dislocations and precipitates determine the mechanical behaviour of 
aluminium-copper alloys and, for the Al-Cu-(Mg) system, the precipitation sequence is as 
follows [4]: 

Solid supersaturated solution (SSSS)  GP Zone  θ”  θ’  θ (Al2Cu). 
The precipitates represent a common microstructural feature of high strength aluminium-copper 

alloys, they are formed on the faces of the face-centred cubic structure of the matrix, and they 
provide an anisotropic contribution to the performance of the material stresses. At temperatures 
immediately below the solubilization, the Guinner-Preston (GP) zones begin to nuclear very 
rapidly at an increasing rate as the elapsed time decreases. These zones grow in such a way as to 
minimise the rate of increase in the deformation energy of the precipitates and the matrix. 
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The second intermediate phase, called θ”, is still coherent with the matrix, resides on its planes 
and has a tetragonal structure. This phase is wider than the GP zones and maintains the same 
chemical composition. 

As the ageing process continues, a final metastable precipitate (θ’) arises, with a tetragonal 
structure composed of Al2Cu. These precipitates are semi-coherent to the aluminium matrix and 
swell with increasing ageing due to the surface reduction force. 

The final equilibrium precipitate (θ) is mainly inconsistent with the matrix and can be nucleated 
directly from the supersaturated solution if the ageing temperature is high enough (about 300°C), 
or even at lower temperatures if the kinetic and thermodynamic conditions in the material are 
favourable. However, it was found that the phase diagram cannot explicitly explain what happens 
during the FSW process because it is constructed when the phases are in equilibrium. Knowing 
that the FSW process involves significant thermal changes, it is safe to assume that there is not 
enough time to have an equilibrium chemical reaction. The nucleation of the first metastable 
phases, which have a lower thermodynamic driving force, but a lower nucleation barrier due to 
greater coherence with the matrix, is therefore kinetically favourable [5]. 

One of the advantages of dissimilar soldering of copper to aluminium is that it can reduce the 
formation and growth of the layer formed by intermetallic compounds, introducing strong plastic 
deformation, and thus increasing the mechanical properties of the joint. The main advantages of 
diffusion are the obtainment of high-quality bonds and the possibility of producing joints with low 
porosity and good continuity along the weld [6]. 

Through a specific study on the solid-state diffusion of copper in aluminium, W. Bedjaoui et 
al. has shown that commercial 2xxx series aluminium and pure copper can be successfully joined 
using a solid-state diffusion welding process [7]. Furthermore, the increase in temperature and 
time during the diffusion bond leads to the formation of different types of intermetallic compounds, 
the dimensions of which vary as the parameters used vary. 

The goal of this research is to improve the mechanical properties of a welding joint, operated 
by Friction Stir Welding between two AA2024 aluminium sheets, using a copper sheet positioned 
between the edges to be welded. By exploiting the solid-state diffusivity of copper in aluminium, 
the arrangement of copper within the aluminium alloy, through the passage of copper precipitates 
into the alloy which improve its mechanical characteristics, was ensured. The pair of parameters, 
rotational speed and advancing feed of the tool, which allows it to stay within the area of the 
aluminium-copper diagram in which the hardening precipitates are formed θ', is identified through 
finite element simulations. After that, an experimental campaign was conducted and subsequent 
mechanical tests, Rockwell hardness and tensile tests, were executed. 
Materials and Methods 
A 3D FEM Lagrangian model was set up using the commercial software DEFORM 3D™. The 
tool was modelled as a rigid object using AISI-1045 steel as reference material (defined between 
20°C and 1100°C). The plates to be welded were modelled as a single plastic workpiece made of 
Aluminium-2024 (defined between 300°C and 500°C). Both steel and aluminium with their 
material flow stress data were chosen among those available in the Deform library database. 

The assumption to consider the tool as a rigid object and the workpiece as plastic is reasonable 
because of the significantly higher yield strength of the steel tool with respect to the yield strength 
of the aluminium workpiece. Finally, the workpiece was discretized using 80000 tetrahedral 
elements, as shown in Fig. 1. Regarding the thermal part of the simulation, the considered 
parameters are reported in Tab. 1, as they were optimised in a previous work [8]. 
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Fig. 1: Mesh of the aluminium workpiece. 

Table 1: Thermal and friction parameters considered for the simulations. 

Parameter Value 
Heat exchange with the environment 0.02 N/(mm‧s‧°C) 
Friction coefficient aluminium-tool 1 
Thermal conductivity 450 N/(mm‧s‧°C) 
Aluminium emissivity 0.7 
Heat transfer coefficient aluminium-tool 10000 N/(mm‧s‧°C) 

As regards the process parameters, it was identified from a literature review a range of 
acceptable values to be considered for FSW welding of an AA2024 joint [9]–[13]. The chosen 
parameters are reported in Tab. 2. 

Table 2: Process parameters used for the simulations. 

Rotational speed (rpm) Advancing feed (mm/min) 
600-800-1000 40-120-200 

Each combination of parameters was simulated. At the end of each simulation, the temperature 
trends at the nugget (0 and 5 mm from the centre of the weld), the TMAZ and the HAZ (20 mm 
and 35 mm from the welding line respectively) were evaluated. 

The sheets were experimentally welded using the best combination of parameters resulting from 
the simulations performed: in order to obtain the right interaction between copper and aluminium.  

The experimental campaign was performed using a CNC machine. Butt joints were carried out 
on AA2024-T3 sheets having a thickness equal to 4 mm (chemical composition and mechanical 
properties declared by the supplier in Tab. 3 and Tab. 4).  

Table 3: AA2024-T3 composition. 
Al Si Fe Cu Mn Mg Zn Ti Cr 

bulk 0.06 0.0
9 4.50 0.46 1.40 0.08 0.04 0.03 

Table 4: AA2024-T3 mechanical properties. 
Yield Strength 

(YS) [MPa] 
Ultimate Tensile Strength 

(UTS) [MPa] Max strain [%] 

344 464 16 

A simple tool with a frustum of cone pin shape (pin minimum and maximum diameters equal 
to 4 and 6 mm, pin height equal to 3.9 mm) and flat shoulder (diameter equal to 16 mm) was 
considered. For all the welding, the tool inclination at 3° and the tool penetration depth into the 
sheets at 3.99 mm were fixed. 
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A homogeneous welding was carried out between two sheets of AA2024-T3 and then two welds 
were performed in which a commercially pure copper sheet (thickness equal to 0.1 mm) was 
interposed between the aluminium edges: one in a T- and one in a double C-configuration, as 
shown in Fig. 2. The thin copper sheet was ultrasonically cleaned in an acetone bath and then 
manually bent into the desired shape. 

 
Fig. 2: T and double C copper configurations. 

Rockwell B hardness tests (HRB) were performed following a 5 mm spaced grid in the central 
zone of the top of the specimen to avoid border effects, according to ISO 6508. Three profiles of 
indentations were carried out moving from the joint axis to the base material until the hardness of 
the base material was reached. 

Tensile tests were executed orthogonally to the welding direction on the specimens having the 
welding nugget placed in the middle of gage length, according to UNI EN ISO 6892-1:2019. For 
the tests, a testing machine Galdabini with a load cell of 50 kN was used. The tests were carried 
out under speed control (1.2 mm/min). For the calculation of the engineering strain ε, strain gauges 
were applied to each sample. 
Results and Discussion 
From the simulations conducted in Deform, the temperature trends obtained in the four 
characteristic zones described in the methodology section were extrapolated: the peak 
temperatures reached were considered, to choose the best conditions to ensure the diffusivity of 
the copper within the aluminium (Tab. 5).  

At the end of the experimental campaign, it was possible to note the absence of macroscopic 
defects in the homogeneous welding of AA2024, and in both welds made with copper interposed 
between the aluminium sheets (Fig. 3). 
Table 5: Maximum temperatures obtained with the simulations. The pair of parameters chosen to 

conduct the experimental campaign is highlighted in orange. 

Parameters Temperatures [°C] 
[rpm] [mm/min] Centre [0 mm] Nugget [5 mm] TMAZ [20 mm] HAZ [35 mm] 
600 40 482.53 410.94 404.20 399.52 
600 120 421.91 329.40 253.14 241.32 
600 200 370.69 263.19 171.39 156.85 
800 40 521.32 465.21 457.46 452.04 
800 120 467.03 349.85 270.46 258.00 
800 200 392.74 287.70 190.59 168.25 
1000 40 485.46 409.89 403.48 398.69 
1000 120 520.44 426.27 326.44 312.03 
1000 200 463.77 360.46 219.94 199.23 
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Fig. 3: Tops, bottoms, and cross sections of the heterogeneous joints AA2024-Cu. 

Fig. 4 shows the graphs of the Rockwell B hardness tests performed both on the homogeneous 
welding AA2024-AA2024 and on the welds obtained with the addition of copper. 

 
Fig. 4: HRB of the homogeneous and heterogeneous Friction Stir Welded joints. 

With respect to homogeneous welding, the addition of copper has led to changes in the trend of 
the hardness curves. It can be observed that the minimum points of hardness have lower values in 
both the heterogeneous joints than in homogeneous welding, especially in the T-configuration. 
This behaviour could be attributable to the formation of embrittlement precipitates linked to the 
thermo-mechanical history of the area involved, that it is exactly on the nugget boundaries. The 
lowest hardness point in the homogeneous alloy is at the nugget, whilst in both heterogeneous 
configurations, these lower peaks are translated towards the base metal by about 5 mm to the right 
and about 5 mm to the left of the weld line. 

Furthermore, on average there is an increase in hardness in the central area between -2.5 mm 
and +5 mm from the centre of the weld of about 4 HRB for the T-configuration and 11 HRB for 
the C-configuration. The increase in hardness of the C-configuration compared to the T-
configuration is probably due to the greater quantity of copper used during processing, which is 
therefore able to form part of the brittle precipitates as well as the hardening precipitates. From the 
comparison it is also possible to observe a shift towards the base material of the minimum hardness 
points of the HAZ, of 5 mm for the T configuration and of 2.5 mm for the C configuration, with a 
less marked increase in hardness.  
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The addition of copper has determined an increase in hardness in the central area of the nugget, 
this is due to the passage in solid solution of the copper in the aluminium matrix, causing the 
formation of hardening precipitates, and the displacement of the minimum hardness values in the 
HAZ area and in the area between the nugget and the TMAZ towards the base metal causing a 
widening of the curves with their consequent removal from the nugget. 

From the graph proposed in Fig. 5, it is possible to see the trend of the stress as the deformation 
varies tested and the fracture points for each condition.  

In general, the addition of copper resulted in a reduction in the tensile strength (UTS). The UTS 
was 350.5 MPa for homogeneous welding, while for the C- and T-configurations it was, 
respectively, 301.75 MPa and 285.75 MPa. Furthermore, thanks to the tensile tests it was possible 
to ascertain that the addition of copper also led to a reduction in the percentage elongation at break. 
This value was equal to 2.56% for homogeneous welding, while for the C- and T- configurations 
it was 1.27% and 1.21%, respectively. It is also evident that, for all conditions, the fracture 
occurred preferentially in the central area of the nugget. 

The reduction in the UTS and the percentage elongation at break compared to homogeneous 
welding is probably due to the presence of small layers of hard and brittle intermetallic precipitates 
(IMC) that are formed during welding, and which cause a reduction in mechanical strength. The 
formation of these very brittle intermetallic precipitates in a dissimilar AA2024-copper was 
demonstrated also by R. Khajeh et al. [14]. From the graph it is also possible to note that in the C-
configuration the UTS and the percentage elongation are greater than those of the T-configuration. 
This is probably due to the higher amount of copper conveyed during welding in the C-
configuration with respect to the T one. In fact, as the quantity of copper increases, the presence 
of the same in the weld increases, therefore in addition to the formation of the hard and brittle 
intermetallic precipitates, there is a greater formation of hardening precipitates by diffusion in the 
solid state which counteract the reduction of mechanical resistance due to IMC. 

 
Fig. 5: On the left: tensile tests of the homogeneous and heterogeneous Friction Stir Welded 

joints (the number 1 and the number 2 are referred to the number of repetitions). On the right: 
fracture points of the homogeneous and heterogeneous joints. 

Conclusions 
The mechanical properties of the AA2024 welded by Friction Stir Welding were examined, both 
homogeneously and using a copper sheet positioned between the edges to be welded in two 
configurations, T and C. 
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Through an initial simulation phase and a subsequent experimental phase, it was possible to 
observe that: 

• The parameters chosen from the simulations (S=800 rpm and f=40mm/min) proved to be 
suitable for all the welds, as they were free of defects and with good surface finishes. 

• Rockwell hardness tests demonstrated that the addition of copper caused changes in 
hardness in the various characteristic areas of the joint. In particular, it increased the 
hardness in the central area of the nugget by 4 Rockwell points in the T configuration and 
11 Rockwell points in the C configuration. Furthermore, it determined the shift of the 
hardness minima towards the base material. 

• From the tensile tests it was found that the addition of copper resulted in a reduction in the 
tensile strength and the percentage elongation at break compared to homogeneous welding. 
However, the C-configuration has been observed to exhibit a higher tensile strength and 
percentage elongation at break than the T-configuration.  

In conclusion, it can be stated that the improvement of the mechanical characteristics of a 
FSWed AA2024 by adding commercially pure copper to the interface of the aluminium edges to 
be welded, has been achieved partially but it is a good strategy that deserves to be studied. 

Having observed that the mechanical characteristics of the C-configuration were superior to 
those of the T-configuration, to obtain better results it is suggested to orient the next studies in 
identifying copper configurations that allow the use of a greater quantity of copper in the welding. 
Moreover, new combinations of parameters had to be studied since it is not certain that the 
parameters optimised for the AA2024 alone are also optimal parameters for heterogeneous welds 
with copper, even if they do not show macroscopic defects. 
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Abstract. Energy efficiency and sustainability are getting more and more relevant in society and 
industry. Especially energy-intensive sectors offer a high potential for power savings. Thus, 
different lightweight strategies are applied in the automotive sector. In this context, high strength 
profile components are used as crash structures. As an example, these profiles are deployed to 
protect the battery of electrically powered vehicles. Therefore, high strength aluminum alloys of 
the 7xxx series are suitable for compensating the high battery weight partly. Compared to steel, 
this material is characterized by a high strength-to-weight ratio as well as an increased thermal 
conductivity. However, one challenge in forming high strength aluminum alloys is the limited 
formability at room temperature. For this purpose, heat treatment based process routes for tube 
hydroforming are investigated within this research work. By the combination of W-temper forming 
and hydroforming complex part geometries can be generated. A subsequent artificial ageing 
process realizes the required high strength of the profiles. Using AA7020 tubes, the properties of 
a demonstrator geometry are compared to the initial state T6 of the semi-finished parts. For this 
purpose, the wall thickness distribution and the grain structure are evaluated. Thereby, the 
influence of forming and heat treatment on the geometrical and microstructural properties is to be 
analyzed. For the evaluation of the achievable hardening of the aluminum alloy, the mechanical 
properties are investigated by tensile tests. This investigations provide an assessment of the process 
route under industry-related conditions. 
Introduction 
The reduction of energy consumption and CO2 emissions is one of the most important aims in 
society. Therefore, the EU plans to reduce the emission of greenhouse gases up to 55% in 2030 
compared to 2005 [1]. A high potential for reductions offers the transporting sector, which is 
responsible for 26% of total emissions within the EU [2]. Besides digitization of the traffic and the 
expansion of public transport [3], the electrification of vehicles can contribute to reduce CO2 
emissions. However, electrically powered vehicles have a high weight due to the battery, which 
moreover has to be protected against mechanical loads and crash impacts. On the other hand, a 
reduction of car weight leads to further savings in energy consumption. 100 kg additional weight 
leads to a reduction of range of 3.5% and an increase of the required engine power of 6% [4]. 
Nevertheless, a high percentage of aluminum is already used for the battery enclosure in current 
vehicles [5]. The application of tailored profiles made out of high-strength aluminum alloys of the 
7xxx series offers a high potential for further weight reductions, which is particularly due to the 
high specific strength. One challenge is to reach both, a sufficient formability as well as the 
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maximum strength. Current approaches for forming high strength aluminum alloys are W-temper 
forming and quench forming [6]. For sheets, investigations regarding the solution heat treatment 
for W-temper forming [7] and the influence on the artificial ageing [8] were already carried out. 
To transfer these results on the forming of high strength profiles a heat treatment-based 
hydroforming process is investigated within this work. Thus, the formability is enhanced to 
generate complex components. In a subsequent artificial ageing treatment, the mechanical 
properties are adjusted. In preliminary work, the forming behavior of tubular semi-finished parts 
was analyzed for different process routes [9]. Consequently, the properties of a more complex 
demonstrator geometry are evaluated for the heat treatment-based hydroforming process within 
this research work. In this context, the wall thickness distribution is compared between the initial 
semi-finished tube and the demonstrator geometry with the aid of an optical measurement system. 
Afterwards, the microstructure and the average grain size is evaluated for both states. To 
investigate the influence of the analyzed process route on the mechanical properties, tensile tests 
are performed on the different demonstrator components by using a thermo-mechanical simulator 
of type Gleeble 3500. Thereby, different heat treatment parameters are applied to the artificial 
ageing. Consequently, it can be evaluated if an industry-related process chain for the production 
of complex profile components can achieve the initial condition T6 of the extruded tubes. 
Methodology  
Experimental setup of the hydroforming tests. As part of the investigations, W-temper forming 
was used to manufacture the demonstrator components. For this purpose, the tubes were first 
solution-annealed and then quenched in a water bath. The set W-temper condition significantly 
increases the cold formability of the material. The tubes were then formed in a conventional 
hydroforming process without axial material feeding with a water-oil emulsion as the forming 
medium. A tubular ton geometry with a homogenously widened middle area of 95 mm length is 
used as demonstrator. In comparison to conventional tube bulge tests there is no free forming area. 
The tube is formed against a defined tool geometry. Thereby tensile specimens with homogeneous 
strain distributions can be cut out. The experimental setup can be seen in Fig. 1 a), the demonstrator 
geometry is depicted in Fig. 2 a). 

 

The tubes are heated to solution annealing temperature in a convection oven at 475 °C for 
60 min. Afterwards the hot tubes can be quenched in the adjacent water bath. The experimental 
set-up can be used for different pressure build-up rates and maximum internal pressures. However, 
a pressure build-up rate of 5 MPa/s was used for the ton geometry. The maximum internal pressure 
was 34 MPa, as the tubes burst at an internal pressure of approximately 35 MPa. The test 
parameters that are based on common ageing temperatures and durations for AA7020 are 
summarized in Fig. 1 (b). Afterwards, the tubes are naturally aged for 24 h and then artificially 

 

 a) b) 
Fig. 1. a) Setup and b) parameters of the heat treatment-based hydroforming process 
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aged in a two-stage ageing treatment with temperatures between 100 °C and 160 °C. The ageing 
times vary between 8 h and 24 h. The parameters of the ageing treatment are summarized in 
Table 1. 

 
Table 1. Parameters for the artificial ageing process 

Heat Treatment 
Stage 1 Stage 2 

Temperature Time Temperature Time 
CDC 185 °C 0.3 h - 

Artificial ageing 1 100 °C 8 h 160 °C 16 h 
Artificial ageing 2 100 °C 8 h 160 °C 24 h 
Artificial ageing 3 100 °C 12 h 160 °C 16 h 
Artificial ageing 4 100 °C 12 h 160 °C 24 h 
Artificial ageing 5 125 °C 12 h 180 °C 4 h 
Artificial ageing 6 125 °C 12 h 180 °C 6 h 
Artificial ageing 7 125 °C 24 h 180 °C 6 h 

 
Specimen preparation and experimental setup of the tensile test. The investigated demonstrator 

geometry is a barrel-shaped tube expanded by hydroforming, see Fig. 2 a). Due to the expansion 
on a length of 200 mm, a strain of 9% was reached. For the characterization of the mechanical 
properties, tensile specimens were cut out of the demonstrator by laser. Subsequently, the cutting 
edges were machined by milling. The corresponding tensile specimens are shown in Fig. 2 b). 
These are adapted A50 specimens, which have additional drillings in the clamping area to ensure a 
central positioning. Due to the preparation out of a tube, the specimens have a curvature. To avoid 
undesired influences of the clamping on the stress state, the clamping jaws have a curvature as 
well. These are deployed in the thermo-mechanical simulator Gleeble 3500, a testing machine that 
can also perform heat treatments and tests at elevated temperatures. The strains are measured by 
an optical strain measurement system of the Carl Zeiss GOM Metrology GmbH.  
 

 
Fig. 2. a) Demonstrator geometry and b) specimen preparation out of the tubes  

Results and discussion 
Evaluation of the wall thickness distribution. At first, the wall thickness distribution of the initial 
state and the demonstrator geometry is analyzed by the optical measurement system ATOS from 
Carl Zeiss GOM Metrology GmbH. Thus, the influence of the hydroforming process on the 
properties of the tube component is investigated. Even in the as-delivered condition of the extruded 
tube, a wall thickness gradient in tangential direction was found. In the middle of the tubes and at 
the ends, the wall thickness varies continuous between 4.93 mm and 5.18 mm.. Consequently, the 
extrusion process causes a variation in the wall thickness of 0.25 mm. In axial direction, no 
gradient in wall thickness could be observed in the analyzed sections Due to the homogeneous 
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expansion during the hydroforming process, failure is most likely at the thinnest point. For the 
analysis, a demonstrator of artificial ageing 7 according to Table 1 was used. For the optical 
measurement, the tube was cut in axial direction. Therefore, only one half is shown in Fig. 3 a). 
Hence, the curves in Fig. 3 b) do not match the lines for the minimum and maximum values. 
 

 
Fig. 3. a) Wall thickness distribution over the tube and b) wall thickness gradient in 

circumferential direction 
For the evaluation of profile properties, the demonstrator geometry is split into three sections. 

Position 1 is located at the almost undeformed tube clampings. The maximum expanded section is 
represented by position 3 while position 2 describes the transition area. In this context, only the 
extrema in wall thickness are depicted in Fig. 3 b). As expected the smallest wall thickness can be 
found at position 3. The value is 4.59 mm whereas at position 1 the wall thickness is 4.90 mm. 
The wall thickness gradient in circumferential direction is shown in Fig. 3 b). There is a difference 
in the wall thickness of 0.21 mm at position 1 and 0.30 mm at position 3. Consequently, the 
thickness gradient increases during hydroforming. This has to be considered for the process design. 

Influence of the heat treatment-based process route on the microstructure. The evaluation of the 
microstructure is performed for the initial state and the demonstrator geometry at position 1 and 3 
in the middle of the wall, see Fig. 4. Probably due to the shear stresses during the extrusion, the 
micrographs in Fig. 4 a) and b) show a grain orientation in axial direction. The grain size and 
orientation increases due to the hydroforming process compared to the initial state T6 before 
annealing. One reason for this could be recrystallization during the extrusion process, which can 
lead to a small grain size in conjunction with high strain rates, as already shown for AA7075 [11]. 

 
Fig. 4. Microstructure of a) the initial state T6 before annealing and b) the demonstrator 

geometry at position 3 as well as c) the average grain size for both conditions 
The average grain size for both states in different directions was determined by linear intercept 

method according to ASTM E 112; see Fig. 4 c). In the initial state the grain size is between 
4.31 µm and 9.39 µm whereas the grain elongation is highest in the tangential direction. 
Significant higher grain sizes can be found in the demonstrator geometry with values between 
25.70 µm and 118.61 µm, which might be caused by high solution annealing temperatures and 
durations. Due to low average heating rates in the convection oven of 0.14 K/s as well as the high 
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wall thickness, dislocations are removed. Since dislocations are recrystallization nuclei, a coarse 
grain structure is generated [10]. Furthermore, Fujda et al. investigated an additional influence of 
the solution annealing temperature on the grain size for AA2024 [12]. For the demonstrator 
geometry, the grain structure is also analyzed for the different axial and radial positions. The 
average grain size is shown in Fig. 5. In preliminary investigations, different sections over the 
cross-section with varying mechanical properties could be found for the initial tubes [13].  

 

 
Fig. 5. Average grain size for different positions in axial and radial direction 

In general, the highest grain size was found in axial direction due to the extrusion process. There 
are only small differences for the different positions in axial direction. In circumferential direction, 
the grain size grows with increasing pre-deformation at the outer diameter and in the center of the 
wall. One reason could be the expansion during the hydroforming process in circumferential 
direction. At inner diameter, no clear trend is visible. This section is characterized by a fine grain 
structure, which was also found in the initial state and can be caused by recrystallization [13]. In 
summary, there is a coarse-grained microstructure in the demonstrator profiles that shows similar 
gradients in the local grain size like the initial state. Thus, the reproduction of the initial mechanical 
properties despite the coarse microstructure has to be investigated. 

Evaluation of the mechanical properties for different heat treatment parameters. First, common 
two-stage hot ageing processes are investigated for the AA7020 alloys, as well as cathodic dip 
coating CDC, which is mainly used in the automotive industry. The CDC generates the lowest 
strength values and the highest strains. In this case, probably no entire hardening was reached due 
to the short ageing duration. For the artificial ageing 3 and 4 with an ageing duration of 12 hours 
in the first stage, the highest hardening could be achieved. However, the ultimate tensile strength 
of 410 MPa in the initial state could not be reproduced by a value of 346 MPa. The uniform 
elongation is slightly lower than for the T6 state. Specimens with an ageing duration of eight hours 
at the first stage show lower strength values than for twelve hours. An increase in the ageing time 
in second stage tends to a further decrease in strength. The corresponding mechanical properties 
are shown in Fig. 6.  
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Fig. 6. Mechanical properties of the hydroformed profiles with the recommended heat treatment 

parameters for AA7020 
For longer ageing durations in the first stage, an equilibrium state seems to be reached. The 

higher strength in heat treatment 3 and 4 is possibly due to a higher proportion of Guinier-Preston 
zones (GP zones) as a result of the longer ageing time in stage one. These act as nuclei for the 
formation of η'-precipitates which are crucial for maximum hardening [14]. Due to a lack of GP 
zones, a duration of eight hours in the first stage may induce an increased nucleation at 
dislocations. Therefore, the transformation of η’-precipitation into the stable and less solid η phase 
is accelerated. Thus, an enlargement of stage two might lead to overageing [15]. This effect was 
also observed by Krishnanunni et al. for AA7010 [16]. Based on the accelerated nucleation in the 
presence of dislocations, a reduction of the heat treatment time, especially in stage two, could be 
useful [14]. Hence, the ageing duration is reduced while the temperature is slightly increased, see 
Fig. 7. In general, the strengths achieved are lower than in the previous settings. It has already been 
shown for the alloy AA7020, that preforming has a positive effect on the strength, but that this 
effect is reversed if the ageing temperature is too high [15]. Dechamps et al. observed that in 
undeformed microstructures a higher proportion of homogeneously distributed η'-precipitates was 
present after an artificial ageing of one hour at 160 °C, while in predeformed microstructures η-
precipitates were present at the dislocations [17]. The presence of dislocations hinders the 
nucleation of η'-precipitates and leads to coarse precipitate structures with lower strength. In 
addition, this is enforced by the annihilation of vacancies by the dislocations, which favor the 
nucleation of GP zones during cold aging [17]. Since an extension of stage two again reduces the 
strength in heat treatments 5 and 6, stage one is extended in parameter set 7. This results in higher 
strength values comparable to the tests in Fig. 6. Due to the longer heat treatment time at 125 °C, 
the influence of the pre-deformation is likely to be lower. In order to check whether a higher 
dislocation density leads to less hardening during artificial ageing, hardness measurements are 
carried out at the three previously defined positions, see Fig. 7 b). As expected, the Brinell 
hardness for the demonstrator component is lower than in the initial condition. At position 1, the 
highest hardness of 98.84 HB is obtained, while in the deformed areas it is slightly lower at about 
95 HB. This tends to indicate that pre-deformation has led to a reduction in hardening in the tests 
performed, although the influence is quite slight for parameter combination 7. In general, an 
extension of stage 1 seems to have a positive effect on artificial ageing. On the other hand, high 
temperatures lead to lower hardening, as well as high ageing durations in stage 2 and the 
deformation preceded by the hydroforming process. Thus, the mechanical properties of the initial 
condition could not be achieved. An improvement of the properties might be reached by hot 
working to reduce the dislocation density as well as a further reduction of the ageing and solution 
annealing temperature. 
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Fig. 7. a) Mechanical properties of the hydroformed profiles at higher ageing temperatures and 

b) hardness distribution in axial direction for heat treatment 7 
Summary and outlook 
Tube profiles made out of 7xxx aluminum alloys have a high specific strength. A challenge in 
forming technology is the low formability at room temperature in conjunction with the required 
high strengths. One approach is the combination of W-temper forming and hydroforming with a 
subsequent artificial ageing process. The achievable component properties were compared for a 
demonstrator geometry with the initial condition T6 of tubular semi-finished parts. In this context, 
a gradient in wall thickness was observed in circumferential tube direction for both states. The 
variation in wall thickness was increased by hydroforming so that the probability of failure is 
highest on the side with the smallest wall thickness. When investigating the microstructure, a fine-
grained structure was observed in the initial state, while the grain size in the demonstrator 
component was up to 17 times higher. One possible reason for this could be the solution annealing, 
which results in grain growth. To determine the reachable mechanical properties, tensile specimens 
were extracted from the demonstrator components for different artificial ageing parameters. In 
accordance with common heat treatment processes for AA7020, the artificial aging was carried 
out in two stages. It was shown that an extension of stage one has a positive effect on the strength, 
while a longer second stage results in softening due to the higher temperature. This could be caused 
by the development of coarser precipitates and the increased formation of η-phases. A similar 
effect is expected with the increase of the artificial ageing temperature. Pre-deformation in the 
hydroforming process also causes an acceleration of the precipitation transformation and the 
growth of coarse precipitates, which tended to be confirmed with the aid of hardness 
measurements. Thus, the mechanical properties of the initial state could not be regained. 

Further research needs to be carried out to increase the strength of the demonstrator 
components. Therefore, different heating rates during the solution annealing as well as different 
heat treatment temperatures have to be investigated. In addition, lower temperatures need to be 
considered for artificial ageing. An increase in strength could also be achieved by hot forming. In 
a further step, the achievable properties of a more complex component are to be analyzed. 
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Abstract. This paper and its second part introduce a new formability test based on double-action 
radial extrusion to characterize material formability in the bulk-to-sheet material flow transitions 
that are commonly found in metal forming. This first part draws from the presentation of a 
multidirectional tool, which was designed to convert the vertical press stroke into horizontal 
movement of the extrusion punches towards each other, to aspects of experimental strain 
determination, fractography and finite element analysis. The methodology and tooling that are 
introduced here pave the way for subsequent testing and modelling of the different modes of 
fracture in three-dimensional to plane-stress evolutions, typical of bulk-to-sheet material flow 
transitions, by means of the new proposed test. 
Introduction 
The fracture locus in bulk metal forming is commonly determined by means of upset compression 
tests performed on cylindrical and tapered specimens and is usually plotted in principal strain space 
(𝜀𝜀1, 𝜀𝜀2) as a straight line with slope ‘-1/2’ falling from left to right [1]. This line is the graphical 
representation of the positive and negative strain values that a material withstands at the onset of 
cracking by out-of-plane shearing, as it was recently proved by Martins et al. [2], and earlier 
proposed by Kobayashi [3] after observing that vertical and inclined cracks found on the outer 
surface of these specimens do not run radially. 

The proposal of a bilinear fracture locus in principal strain space by Erman et al. [4] resulting 
from combination of the fracture limit line of slope ‘-1/2’ with a second fracture limit line of slope 
‘-1’, is essential to match the strains at failure of the cylindrical and tapered specimens with those 
of the tensile and upset compression tests performed on rod and cylindrical flanged specimens. 
This second fracture limit line of slope ‘-1’ corresponds to failure by tension [5] and, in case of 
cylindrical flanged specimens, the morphology of the cracks is consistent with the experimental 
observation of vertical cracks running radially at the outer surfaces [6]. 

Although the bilinear fracture locus is consistent with the experimental results obtained with 
the different formability test specimens, it gives rise to an ‘uncertainty region’ (Fig. 1) within 
which failure occurs by mixed modes resulting from competition between cracking by tension 
(mode I) and by out-of-plane shearing (mode III). This was recently confirmed by Sampaio et al. 
[7], who designed a new test specimen to investigate the morphology of the cracks in the 
‘uncertainty region’ of principal strain space and concluded that fracture was triggered by out-of-
plane shearing (mode III) and propagate radially by tension (mode I). 
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Fig. 1 Bulk formability tests and fracture limit lines in principal strain space. 

Transitions from crack opening by mode I to propagation by mode III at the leftmost corner of 
the ‘uncertainty region’ were previously observed by the authors during upset compression of 
cylindrical flanged test specimens made from aluminum AA2030-T4 [8]. 

In view of the above, Sampaio et al. [7] proposed a new ductile damage criterion based on 
combination of the Cockcroft and Latham [9] criterion corresponding to crack opening by mode 
III with a modified version of the McClintock [10] criterion commonly used in crack opening by 
mode I to model ductile damage over the entire range of stress-triaxiality values, including the 
‘uncertainty region’ of crack opening by mixed modes. 

Although research on formability and crack opening modes has been directly, or indirectly, 
associated with stress triaxiality and, sometimes, also with the Lode parameter [11], there are 
aspects related to material flow transitions that are not commonly taken into consideration. 
Accountability of these aspects means, in practical terms, to include the three-dimensional to plane 
stress material flow transitions (i.e., bulk-to-sheet evolutions) in the list of parameters that are 
responsible for the competition between the different crack opening modes.  

Fig. 2 shows examples of bulk formed parts where plane stress is likely to occur in regions 
subjected to extensive plastic material flow, (refer to the pink colored regions of the solid rod 
flange, connecting rod and tube flange, where the final thickness 𝑡𝑡 is much smaller than that of the 
preforms). The connecting rod is a good example of a well-known occurrence of three-dimensional 
to plane stress transitions when excess material flows into the flash gutter during impression-die 
forging. 

Under these circumstances, the main objective of this work is to investigate formability in three-
dimensional to plane stress material flow transitions by means of a new formability test based on 
the working principle of double-action radial extrusion [12]. As will be shown, depending on the 
aspect ratio and overall ductility of the specimens, the diameter-to-thickness ratio of the radially 
extruded flange may reach typical plane stress values, thereby allowing to analyze strain path 
evolutions and failure in three-dimensional to plane stress material flow transitions by means of 
digital image correlation (DIC), scanning electron microscopy (SEM) and finite element 
modelling. 
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Fig. 2 Schematic representation of bulk forming parts exhibiting regions (refer to the pink color) 
where material flow takes place under plane stress conditions (solid rod flange, connecting rod 

and tube flange). 
This paper is focused on the multidirectional tool where the double-action radial extrusion setup 

is installed and, on the methods, and procedures that are used in formability analysis and 
fractography. Special emphasis is given to a technique for determining the instant of cracking and 
the corresponding fracture strains by combination of the experimental force vs. time evolutions 
with the results obtained from digital image correlation.  

Numerical simulation with finite elements is also addressed to introduce the fundamentals of 
exchanging data between two and three-dimensional models at the onset of diffuse necking when 
asymmetric plastic deformation of the outer flange begins.  
Materials and Mechanical Characterization 
The experimental work on the new formability test based on double-action radial extrusion made 
use of a soft aluminum AA1050-O and a medium strength aluminum-magnesium-silicon alloy 
AA6082 in the annealed (O) and solution heat-treated (T6) state. The materials were supplied in 
the form of solid rods and the flow curves were determined by means of compression tests carried 
out on cylindrical test specimens with 20 mm diameter and 20 mm height (Fig. 3). 

The compression tests were performed at ambient temperature on an Instron SATEC 1200 kN 
hydraulic testing machine with a constant crosshead velocity of 5 mm/min. The specimens were 
lubricated with molybdenum disulphide (MoS2) to ensure near frictionless conditions.  

 

 
Fig. 3 Flow curves of the aluminum AA1050-O, AA6082-O and AA6082-T6. 

Double-Action Radial Extrusion Formability Tests 
The double-action radial extrusion formability tests were carried out in a multidirectional tool that 
was designed and constructed by the authors. The tool allows extruding specimens with different 
aspect ratios ℎ 𝑑𝑑0⁄  of the free gap height ℎ to the initial diameter 𝑑𝑑0 into the volume left between 
the two dies by compressing the material from two horizontal opposite sides in a single vertical 
press stroke.  
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Fig. 4a shows a detail of the tool set in which the movement of the extrusion punches (P) 
towards each other inside the dies (D) is obtained by means of two cam slide units consisting of a 
punch holder (H) and a die wedge actuator (A) with a working angle 𝛼𝛼 = 30°. Two guided pillars 
(G) ensure the alignment between the upper and lower tool halves.  

The tool set was installed on the hydraulic testing machine that had been previously used to 
determine the material flow curves. 

 

 
Fig. 4 Double-action radial extrusion formability test. (a) Schematic representation of the tool 

set with details of the dies and punches, and showing the cameras used by digital image 
correlation (DIC). (b) Experimental relation between the vertical 𝐹𝐹𝑣𝑣 and horizontal 𝐹𝐹ℎ forces. 
Force equilibrium across the cam slide units provides the following relation between the 

horizontal (𝐹𝐹ℎ) and vertical (𝐹𝐹𝑣𝑣) tool forces, where 𝜇𝜇 is the friction coefficient along the contact 
surfaces, 

𝐹𝐹ℎ = 𝐹𝐹𝑣𝑣
cos𝛼𝛼−𝜇𝜇 sin𝛼𝛼

2(sin𝛼𝛼+𝜇𝜇 cos𝛼𝛼)
= �

0.866 𝐹𝐹𝑣𝑣  , 𝜇𝜇 = 0  
0.517 𝐹𝐹𝑣𝑣 ,     𝜇𝜇 = 0.25 (1) 

Compression of cylindrical test specimens made from aluminum AA6082-T6 between straight 
parallel platens with the double-acting cam slide units and using a single-acting system in which 
the platens were fixed to the upper and lower bolsters of the tool set, allowed comparing Eq. 1 
against experimental data. This is shown in Fig. 4b for 𝜇𝜇 = 0.25 and the differences at the upper 
right end are attributed to tool stiffness, elastic deformation, and friction along the surfaces of the 
cam slide units. For this reason, a slope of 0.506 resulting from the black dashed linear trend line 
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is used instead of the theoretical estimates with and without friction that are given in Eq. 1 to 
convert the vertical force 𝐹𝐹𝑣𝑣 measured by the load cell into the horizontal applied force 𝐹𝐹ℎ. 
Formability Analysis and Fractography 
The evolution of the in-plane strains with time (𝜀𝜀1, 𝜀𝜀2) = 𝑓𝑓(𝑡𝑡) on the outer surface of the radially 
extruded flanges was obtained with a commercial digital image correlation (DIC) system model 
Q-400 3D from Dantec Dynamics. For this purpose, the initial free gap heigh ℎ of the specimens 
located in-between the two dies was painted in white and subsequently sprayed with a black 
speckle pattern (Fig. 4a). 

The double-action working principle of the proposed radial extrusion formability test facilitates 
image acquisition because the measuring window of the DIC system, (equipped with two 6-
megapixels resolution cameras with 50.2 focal lenses and f/8 aperture), is fixed and always 
centered with the vertical symmetry line of the tool set during the entire duration of the test. A 
frequency of 10 Hz corresponding to 10 images per second was used. 

Transformation of the major and minor in-plane strain evolutions with time (𝜀𝜀1, 𝜀𝜀2) = 𝑓𝑓(𝑡𝑡) 
obtained from DIC into the strain loading paths 𝜀𝜀1 = 𝑓𝑓(𝜀𝜀2) of principal strain space was carried 
out by combining and removing the time dependency from the individual evolutions of the major 
𝜀𝜀1 and minor 𝜀𝜀2 in-plane strains. The procedure is schematically illustrated in Fig. 5a. 

 

 
Fig. 5 Methods and procedures involving experimental data in formability analysis. 

(a) Individual in-plane strain vs. time evolutions determined by digital image correlation (left) 
and the result of their combination to obtain the strain loading path in principal strain-space 

(right). (b) Identification of the instant of time at the onset of fracture 𝑡𝑡𝑓𝑓 from the force vs. time 
evolution. 

The instant of time 𝑡𝑡𝑓𝑓 at which cracks are triggered was obtained through identification of the 
sudden force drop in the experimental evolution of the radial extrusion force with time (Fig. 5b), 
as earlier proposed by Magrinho et al. [6]. Once 𝑡𝑡𝑓𝑓 is determined, the strains at fracture (𝜀𝜀1𝑓𝑓, 𝜀𝜀2𝑓𝑓) 
are easily retrieved from the individual in-plane strain evolutions with time obtained from DIC 
(Fig. 5a). 

After testing, the fractured surfaces were cut out from the specimens for subsequent observation 
and analysis in a scanning electron microscope (SEM) S2400 from Hitachi. Results are presented 
in the second part of this paper and provide a correlation between the morphology of the cracks, 
their opening mechanisms and the corresponding strain loading paths obtained from DIC.  
  



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 229-236  https://doi.org/10.21741/9781644902417-29 

 

 
234 

Numerical Simulation 
The finite element computer program i-form was utilized to carry out the numerical simulation of 
the double-action radial extrusion formability test under different operating conditions. The 
computer program is built upon the finite element flow formulation and was developed by the 
authors [13] to account for the three major sources of nonlinearity (material nonlinearity, changes 
of static and kinematic boundary conditions and geometric nonlinearity) that occur in the 
numerical simulation of metal forming processes. 

The numerical simulation strategy utilized by the authors took advantage of the facility that i-
form offers to exchange data between two and three-dimensional models because experimental 
observations revealed that specimens undergo rotationally symmetric plastic deformation 
conditions up to approximately 30% of the total stroke. Only subsequently, with the occurrence of 
diffuse necking at the outer flange surface, there is evidence of asymmetric plastic deformation.  

Fig. 6 illustrates the overall numerical simulation strategy for a test specimen made from 
AA1050-O with the different stages carried out by the computer program being illustrated by 
means of three distinct images:  

• Fig. 6a refers to the initial two-dimensional simulation under rotationally symmetric 
conditions in which the test specimen is modelled as a deformable object and discretized by 
means of quadrilateral elements. The dies and punches are modelled as rigid objects and 
discretized by means of linear contact elements with friction, 

• Once rotationally symmetric conditions can no longer be utilized, the quadrilateral mesh of 
the test specimen is automatically rotated counterclockwise about the z-axis to produce a 
temporary hexahedral mesh like that shown in Fig. 6b. Scalar field variables are rotated 
accordingly but second-order tensors, like for example the strain tensor 𝜀𝜀𝑖𝑖𝑖𝑖, must be properly 
transformed as follows, 

𝜀𝜀𝑖𝑖𝑖𝑖
𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑅𝑅𝑇𝑇𝜀𝜀𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑅𝑅 (2) 

In the above equation the superscripts 𝑥𝑥𝑥𝑥𝑥𝑥 and 𝑟𝑟𝑟𝑟𝑟𝑟 refer to the Cartesian and rotationally 
symmetric coordinate frames, respectively. The symbol 𝑅𝑅 is the rotation matrix and 𝜃𝜃 is the 
angle of rotation shown in Fig. 6, 

𝑅𝑅 = �
cos 𝜃𝜃 sin𝜃𝜃 0
− sin𝜃𝜃 cos 𝜃𝜃 0

0 0 1
� (3) 

• The temporary hexahedral mesh contains a significant number of wedge-shaped elements 
[14] along the z-axis. These irregular elements are automatically eliminated and replaced by 
regular hexahedral elements with field variables properly transferred between the two 
meshes (Fig. 6c). The resulting mesh is symmetric along the zx-plane because material was 
assumed as isotropic. The dies and punches resulting from the rotation of the axisymmetric 
finite element model continued to be assumed as rigid objects, but their contours were 
discretized by a mesh of spatial triangles with friction. 
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Fig. 6 Methods and procedures utilized in the numerical simulation (AA1050-O with an aspect 

ratio ℎ 𝑑𝑑0⁄ = 0.75 ). (a) Initial and intermediate rotationally symmetric (2D) meshes, 
(b) Counterclockwise rotation of the intermediate rotationally symmetric mesh into a temporary 

three-dimensional hexahedral mesh and (c) Automatic repairment of the temporary three-
dimensional hexahedral mesh to obtain a hexahedral mesh without wedge-shaped elements. 
The main advantage of the interaction between two and three-dimensional finite element 

models is the CPU time saving during the first part of the numerical simulation in which specimens 
undergo rotationally symmetric plastic deformation. In fact, the CPU time between the two and 
three-dimensional models differs by an order of magnitude of approximately 40 times. 
Summary 
The methodology and tooling associated with the new proposed double-action radial extrusion test 
to characterize formability and failure in bulk-to-sheet material evolutions led to the following 
conclusions: 

• The multidirectional tool set allows testing specimens with different aspect ratios ℎ 𝑑𝑑0⁄  of 
the free gap height ℎ to the initial diameter 𝑑𝑑0 into the volume left between the two dies by 
compressing the material from two horizontal opposite sides in a single press stroke, 

• A near-linear correlation can be used to convert the vertical force 𝐹𝐹𝑣𝑣 of the hydraulic testing 
machine into the horizontal force 𝐹𝐹ℎ applied on the extrusion punches, 

• Force drops resulting from triggering and subsequent propagation of cracks during the 
formability tests allow an easy identification of the instant of cracking and of the 
corresponding fracture strains by combination of the force vs. time evolutions with the in-
plane strains obtained from digital image correlation, 

• The new test facilitates image acquisition because the measuring window of the DIC system 
is fixed and always centered with the vertical symmetry line of the tool set during the entire 
duration of the test, 

• Exchange of data between two-dimensional and three-dimensional finite element models at 
the onset of diffuse necking accounts for significant savings in the overall CPU time because 
they generally differ by an order of magnitude of approximately 40 times. 
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Abstract. This second part of the paper is focused on double-action radial extrusion testing and 
modelling to characterize material formability and failure in the bulk-to-sheet material flow 
transitions that are commonly found in metal forming. Results show that three-dimensional to 
plane-stress evolutions at the radially extruded flanges lead to different modes of fracture (by 
tension and by shear) that may or may not be preceded by necking. The use of double-action radial 
extrusion as a formability test also reveals adequate to characterize the failure limits of very ductile 
metallic materials, which cannot be easily determined by conventional upset compression tests, 
and to facilitate the identification of the instant of cracking and of the corresponding fracture 
strains by combination of the force vs. time evolutions with the in-plane strains obtained from 
digital image correlation. 
Introduction 
Competition between cracking opening modes by tension (mode I) and by out-of-plane shearing 
(mode III) in conventional bulk formability tests give rise to an ‘uncertainty region’ in principal 
strain space, as it was recently observed by Sampaio et al. [1]. Although research on formability 
and crack opening modes has been taking the competition between crack opening modes into 
account, there are aspects related to material flow transitions in regions of bulk metal forming parts 
subjected to extensive plastic material flow that are not commonly taken into consideration. 
Accountability of these aspects means, in practical terms, to include the three-dimensional to plane 
stress material flow transitions (i.e., bulk-to-sheet evolutions) in the list of parameters that are 
responsible for the competition between the different crack opening modes.  

Under these circumstances, the main objective of this second part of the paper is to investigate 
formability in three-dimensional to plane stress material flow transitions by means of a new 
formability test based on the working principle of double-action radial extrusion [2]. It must, 
however, be said that the relevance of the new proposed formability test goes beyond the above-
mentioned material flow transitions because it provides two significant advantages over the 
existing bulk formability tests.  

Firstly, it allows carrying out tests with very slender cylindrical specimens, which would 
inevitably collapse by buckling during upset compression tests between flat parallel platens. This 
overcomes the difficulty of obtaining the experimental strains at fracture in very ductile materials, 
a topic that was also addressed by Bulzak et al. [3] when studying damage evolution in hot forming 
with rotary compression tests. However, the experimental evaluation of surface strains becomes 
very difficult for this test, due to the continuous movement of the specimen. 
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Secondly, the fact that triggering and subsequent propagation of cracks in the double-action 
radial extrusion test will always lead to force drops in the force vs. time evolutions. This allows 
determining the instant of cracking and of the corresponding fracture strains by combination of the 
experimental force vs. time evolutions with the results obtained from digital image correlation 
(DIC). In fact, the force vs. time evolution of the double-action radial extrusion test is different 
from those found in conventional upset compression tests in which the combination of surface 
expansion with strain hardening commonly prevents the force from dropping at the onset of 
cracking. 
Experimental testing conditions 
The double-action radial extrusion formability tests were carried out in a multidirectional tool set 
that was installed in a hydraulic testing machine. Fig. 1 shows a detail of the tool set in which the 
movement of the extrusion punches (P) towards each other inside the dies (D) is obtained by means 
of two cam slide units consisting of a punch holder (H) and a die wedge actuator (A) with a working 
angle 𝛼𝛼 = 30°. Two guided pillars (G) ensure the alignment between the upper and lower tool 
halves. Further details on the tool set and on the conversion of the vertical force 𝐹𝐹𝑣𝑣 of the hydraulic 
testing machine into the horizontal force 𝐹𝐹ℎ applied by the extrusion punches are given in the first 
part of this paper (Part I). 
 

 
Fig. 1 Tool set for performing the double-action radial extrusion formability tests showing the 

cameras used by digital image correlation, the detail of the dies and punches and a test 
specimen. 

The tests were carried out in a soft aluminum AA1050-O and a medium strength aluminum-
magnesium-silicon alloy AA6082 in the annealed (O) and solution heat-treated (T6) state. The 
specimens were machined from the supplied rods and a molybdenum disulphide (MoS2) based 
lubricant was utilized in the operating testing conditions provided in Table 1. 
Results and Discussion 
Strain-Loading Paths in Principal Strain Space. Fig. 2 shows the experimental evolutions of the 
major and minor in-plane strains with time determined by DIC and of the radial extrusion force 𝐹𝐹ℎ 
with time after conversion of the vertical force 𝐹𝐹𝑣𝑣 measured by the load cell. The in-plane strain 
evolutions were taken from the outer flange surface for the three different materials.  

As seen, the instant of fracture 𝑡𝑡𝑓𝑓 (refer to ‘F’ in Figs. 2a-c) is clearly recognized by a sudden 
drop in force and allows determining the major 𝜀𝜀1 and minor 𝜀𝜀2 in-plane strains at fracture from 
their evolutions with time (𝜀𝜀1, 𝜀𝜀2) = 𝑓𝑓(𝑡𝑡) obtained from DIC. Point ‘I’ is the location in the outer 
flange surfaces where the strain evolutions were obtained. 
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Table 1 Operating conditions utilized in the double-action radial extrusion tests. 

Dies 
Gap height ℎ 12 mm, 16mm, 32mm 

Fillet radius 𝑟𝑟 0.5 mm 

Punches 
Diameter 16 mm 
Velocity 5 mm/min 

Specimens 
Initial diameter 𝑑𝑑0 16 mm 

Initial length 𝑙𝑙0 50mm, 90mm 
Aspect ratio ℎ 𝑑𝑑0⁄  0.75, 1, 2 

 

 
Fig. 2 Experimental evolutions of the force with time and of the major and minor in-plane strains 
with time for specimens with ℎ 𝑑𝑑0⁄ = 0.75  made from aluminum (a) AA1050-O, (b) AA6082-O 

and (c) AA6082-T6. The images were taken from DIC immediately before fracture. 
(d) Experimental and finite element predicted strain loading paths in principal strain space. 
In case of the specimens made from aluminum AA1050 and AA6082 in the annealed (O) state, 

the instant of fracture is preceded by a change in the rate of force growth with time leading to the 
development of a neck on the outer flange surface (refer to ’N’ in the force peaks of Figs. 2a, b). 
In contrast, the specimens made from aluminum AA6082-T6 only experience a sudden drop in 
force because cracking is not preceded by necking, as it was experimentally observed and will be 
shown later. 

Application of the methodology that was described in the first part of this paper allows plotting 
the corresponding strain loading paths 𝜀𝜀1 = 𝑓𝑓(𝜀𝜀2) in principal strain space. The result is shown in 
Fig. 2d and allows distinguishing between monotonic and non-monotonic evolutions up to fracture 
thanks to the absence of necking (AA6082-T6) and to the sharp bends of the strain loading paths 
(in point ‘F’) towards plane strain (AA1050-O) and pure shear (AA6072-O) deformation 
conditions that happen in the specimens where fracture is preceded by necking. 

Finite element computed evolutions of the strain loading paths (refer to the dashed lines in 
Fig. 2d) show a good agreement with DIC. However, the numerical estimates for the soft 
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aluminum AA1050 and the medium strength aluminum-magnesium-silicon alloy AA6082 in the 
annealed (O) state are only provided up to the onset of localized necking, which corresponds to 
approximately 80% of the total stroke. Beyond this point, the growth rate of the in-plane strains is 
very fast and the uncoupled finite element damage models utilized by the authors experience 
difficulties in handling the non-homogeneous plastic deformation and the elastic unloading caused 
by damage-induced softening.  

However, because the onset of localized necking and point ‘F’ occur almost instantly, finite 
elements will continue to be used in the following sections of the paper to analyze the deformation 
mechanics and the different modes of failure that were observed in the double-action radial 
extrusion formability test. 

Deformation Mechanics. Figs. 3a-c shows the initial and intermediate rotationally symmetric 
meshes at 30% of the total stroke for specimens with an aspect ratio ℎ 𝑑𝑑0⁄ = 0.75  made from the 
different materials and supplied conditions that were utilized in the investigation. As seen in the 
predicted distribution of vertical stresses, the radially extruded flanges start showing signs of three-
dimensional to plane stress material flow transitions at the outer flange surfaces, which will 
become more pronounced as radial extrusion continues and the flange diameter increases. 

The aspect ratio ℎ 𝑑𝑑0⁄  of the specimens plays a key role in the utilization of radial extrusion as 
a formability test capable of monitoring the three-dimensional to plane stress material flow 
transitions. In fact, larger aspect ratios than those shown in Figs. 3a-c, do not give rise to plane 
stress conditions (Fig. 3d) and may result in material flaws (Fig. 3e) or buckling, as reported in 
earlier investigations of the radial extrusion process [4]. In such situations not only the diameter-
to-thickness ratio of the radially extruded flanges deviates from typical sheet forming values as 
plane stress conditions no longer prevail on the outer flange surfaces. 

 

 
Fig. 3 Initial and intermediate rotationally symmetric meshes with finite element predicted 

distribution of vertical stress for specimens made from aluminum: (a) AA1050-O with ℎ 𝑑𝑑0⁄ =
0.75 , (b) AA6082-O with ℎ 𝑑𝑑0⁄ = 0.75 , (c) AA6082-T6 with ℎ 𝑑𝑑0⁄ = 0.75 , (d) AA1050-O with 

ℎ 𝑑𝑑0⁄ = 1  and (e) AA1050-O with ℎ 𝑑𝑑0⁄ = 2. 

The asymmetric deformation of the three specimens with an aspect ratio ℎ 𝑑𝑑0⁄ = 0.75  that 
progressively develops during the final stage of the double-action radial extrusion test was 
simulated with the three-dimensional finite element model built upon the interaction between two 
and three-dimensional meshes that was earlier described. For this purpose, the authors artificially 
imposed small gauge imperfections of approximately 0.2 mm on the outer flange diameter located 
at the vicinity of the xz-plane. These imperfections account for less than 1% of the flange diameter 
and correspond to localized material weaknesses that resemble those utilized by Marciniak and 
Kuczynski [5] in their theory of plastic instability in sheet metal forming.  

The result of the above-mentioned strategy combined with intermediate remeshing operations 
aimed at replacing elements with excessive distortion at the center of the specimens made from 
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AA1050-O and AA6082-O is disclosed in Fig. 4. As seen, finite element computed geometries 
obtained shortly after the onset of cracking agree well with the experimental test specimens. 

Incipient crack propagation was numerically modelled by means of an element deletion 
(removal) technique based on the critical value of a damage function 𝐷𝐷, 

𝐷𝐷 = ∫ 𝑔𝑔𝜀𝜀�0 𝑑𝑑𝜀𝜀 ̅  (1) 

where 𝑔𝑔 is a weight function and 𝜀𝜀 ̅ is the effective strain. Two different weight functions were 
used: (i) the McClintock [6] stress triaxiality ratio 𝑔𝑔𝑀𝑀𝑀𝑀 = 𝜎𝜎𝑚𝑚 𝜎𝜎�⁄ , corresponding to failure by 
tension (mode I), where 𝜎𝜎𝑚𝑚 is the hydrostatic stress and 𝜎𝜎� is the effective stress (Fig. 4a) and 
(ii) the Cockcroft-Latham [7] normalized principal stress ratio 𝑔𝑔𝐶𝐶𝐶𝐶 = 𝜎𝜎1 𝜎𝜎�⁄ , corresponding to 
failure by out-of-plane shear (mode III), where 𝜎𝜎1 is the major principal stress (Figs. 4b, c). 

The choice between the proper weight function 𝑔𝑔 to be used for each test case was based on the 
strain loading path evolutions disclosed in Fig. 2d, which clearly indicate failure by tension 
preceded by necking in AA1050-O, by out-of-plane shear preceded by necking in AA6082-O and 
failure without previous necking in AA6082-T6.  

 

 
Fig. 4 Three-dimensional finite element prediction of ductile damage with mesh details showing 

cracks on the outer flange surfaces for three different test specimens with an aspect ratio 
ℎ 𝑑𝑑0⁄ =  0.75 made from aluminum (a) AA1050-O, (b) AA6082-O and (c) AA6082-T6. Ductile 

damage was calculated according to (a) McClintock [6] and (b, c) Cockcroft-Latham [7] 
criteria and photographs of the specimens are enclosed for comparison purposes. 

Further observation of the two different types of necks combined with fractography analysis by 
means of scanning electron microscopy (SEM) to be presented in the next section provides a better 
identification and understanding of the different types of failure and modes of deformation that are 
likely to occur in three-dimensional to plane stress material flow transitions. 

Necking and Fractography. Combination of the finite element computed meshes with the 
images obtained from DIC and SEM (Fig. 5) allows concluding that fracture in the outer surface 
flange of the AA1050-O test specimens is by tension (mode I). Results also show evidence of 
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plastic instability in the form of diffuse (Fig. 5a) and localized necking (Fig. 5c) in good agreement 
with the deformation mechanics of sheet forming. In fact, the localization of the neck along a 
direction inclined at an angle of approximately 53.2° (Fig. 5c) to the circumferential direction 
value is very close to the theoretical estimate of 54.7° (Fig. 5b) obtained for a sheet (plane stress) 
specimen made from an isotropic material, subjected to uniaxial tension [8].  

The morphology of the cracks consists of circular dimple-based structures (Fig. 5d), and further 
corroborates the experimental observation of cracks opening by tension (mode I) and running 
radially along the flange. 
 

 
Fig. 5 Failure mode of the aluminum AA1050-O test specimen with an aspect ratio 

ℎ 𝑑𝑑0⁄ =  0.75  showing (a) the computed finite element mesh, (b) the analogy with localized 
necking in uniaxial tension of a sheet test specimen, (c) a DIC image showing localized necking 

at the outer flange surface and (d) a SEM picture showing the morphology of the cracks. 
Application of the same methodology for the specimens made from AA6082-O (Fig. 6a) 

confirms that vertical cracks opened by shear stresses due to the occurrence of smooth parabolic 
dimple-based structures (Fig. 6e). Moreover, these cracks do not run radially along the flange 
(Fig. 4b), as it is commonly observed in the upset compression of cylindrical and tapered test 
specimens, due to significant distortion of outer flange surface placed within the neighborhood of 
the localized neck. All this is consistent with the strain path bend towards pure shear in principal 
strain space (Fig. 2d) before failing by through-thickness shearing (mode III).  

The pure shear stress state acting at the outer flange surface (with 𝜀𝜀𝜃𝜃 = −𝜀𝜀𝑧𝑧 > 0) gives rise to 
plane strain deformation along the radial direction (𝜀𝜀𝑟𝑟 = 0) due to material incompressibility. 
Thus, assuming these conditions to hold in-between the top and bottom flange surfaces due to 
combination of small thickness and plane stress material flow conditions, an analogy with uniaxial 
tension of a sheet test specimen can also be made.  
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Fig. 6 Failure mode of the aluminum AA6082-O test specimen with an aspect ratio 

ℎ 𝑑𝑑0⁄ =  0.75  showing (a) the computed finite element mesh, (b) the analogy with pure shear 
within the neighborhood of the localized neck, (c) a DIC image showing localized necking along 
the longitudinal direction at the outer flange surface, (d) top view detail of the flange near the 
neck showing crack opening on the 𝑟𝑟-𝜃𝜃 plane with angles and (e) a SEM picture showing the 

morphology of the cracks. 
The analogy requires a similar approach to that taken for the specimen made from AA1050-O 

but now with diffuse necking taking place in the radial direction (Figs. 6b and 6c) and crack 
opening in the 𝑟𝑟-𝜃𝜃 plane after the occurrence of localized necking with angles of approximately 
54° ~ 55° (refer to the top flange view in Fig. 6d). 

 

 
Fig. 7 Failure mode of the aluminum AA6082-T6 test specimen with an aspect ratio 

ℎ 𝑑𝑑0⁄ =  0.75  showing (a) the computed finite element mesh, (b) a scheme showing vertical 
cracks that do not propagate radially, (c) a DIC image showing the absence of necking at the 

onset of cracking and (d) a SEM picture showing the morphology of the cracks. 
In what concerns the results obtained for the specimens made from AA6082-T6 (Fig. 7a) it is 

possible to conclude that vertical cracks open without previous necking (Fig. 7c). Crack 
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propagation does not run radially, as it is schematically disclosed in Fig. 7b, due to the 
development of a mixed mode characterized by the simultaneous occurrence of circle and smooth 
parabolic dimple-based structures (Fig. 7d). 
Conclusions 
The work on the utilization of double-action radial extrusion as a new formability test to 
characterize failure in bulk-to-sheet material evolutions led to the following main conclusions: 

• The test can be successfully used to characterize material formability in the three-
dimensional to plane stress material flow transitions that are commonly found in bulk metal 
formed parts, 

• Material flow transitions give rise to uniaxial tension states of stress that eventually lead to 
crack opening with or without previous localized necking, 

• Cracks preceded by localized necking develop under plane strain or pure shear material flow 
conditions on the outer flange surface, 

• The morphology of the cracks reveals crack opening by tension (mode I), by shear (mode 
III) and by a mixed mode resulting from combination of modes I and III, 

• The new test is also adequate to characterize the formability limits of very ductile materials 
with large fracture strains, such as aluminum AA1050-O and AA6082-O, which cannot be 
easily determined by conventional upset compression tests. 
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Abstract. In this study, the local deformation behavior of the transition zone of thermo-
mechanically graded boron steel 22MnB5 and high strength aluminum alloy AA7075 is 
investigated using an in-situ approach. For this aim, forming tool segments are differentially heated 
in order to obtain locally tailored microstructures and dissimilar mechanical properties based on 
the process-induced microstructural phenomena. Material strength distribution is examined by 
Vickers hardness measurements after thermo-mechanical processing. Tracking of the material- 
and geometry-dependent local deformation behavior of the resulted transition zone is performed 
by tensile tests coupled with digital image correlation technique. The experimental results reveal 
within the transition zone a characteristic reversed S-shape hardness distribution, similar to a 
sigmoidal curve. The local deformation characterization indicates the occurrence of plastic 
deformation mainly in the soft zones at the heated forming tools segments, while the harder zones 
at the cooled tool segments exhibit only an elastic deformation and remain undeformed. By 
comparing the macroscopic local deformation evolution shortly before failure, absolute strain 
values up to εvon Mises = 0.62 and εvon Mises = 0.28 and a distinct reduction in the area are obtained for 
22MnB5 and AA7075, respectively. The occurred plastic strain pattern show the formation of 
shear bands after a homogenous localization at the necking point.  
Introduction 
In the field of metal forming technology, the adjustment of graded properties can be accomplished 
for hardenable steel materials by the combination of locally controlled thermal distribution and 
forming at elevated temperatures [1]. Therefore, in the framework of hot stamping of boron steel 
sheets different process variants based on thermo-mechanical approaches are proposed to gain 
dissimilar mechanical properties as well as microstructure distribution [2]. One of the promising 
techniques is the so-called differential cooling, which can be performed by differentially heated 
forming tools to provide locally varying cooling rates [2].  

By applying this concept to boron steel 22MnB5, the local cooling rates above 30 °C/s at cooled 
forming tool segments result in a martensitic microstructure with a tensile strength of 1500 MPa, 
whereas lower local cooling rates lead to the formation of ductile zones, i.e., ferrite and pearlite 
with tensile strengths of 614 MPa [3]. This shows that the forming tool temperature plays a key 
role in determining specific microstructural properties for hardenable steel materials after 
austenitization. Using tool segment temperatures of 25 °C and 400 °C, a significant reduction of 
52 % of hardness level from hard to soft is obtained within the transition zone, [4]. Further studies 
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with tensile tests in combination with digital image correlation (DIC) technique gain insight into 
the plastic deformation behavior of graded components and visualize the failure location for the 
calibration of finite element (FE) simulations [3,5]. To ensure the occurrence of plastic 
deformation within the gauge length due to the dissimilar hardness distribution, tapered tensile 
sample geometries with different gauge section widths are used [3]. The experimental results 
reveal higher total displacement up to failure with increasing the gauge section widths. DIC 
measurements and FE-simulations show two competing zones for necking initiation at the tensile 
specimen surface, as a result of the strain hardening. However, a detailed analysis and visualization 
of local plastic deformation of the graded parts during tensile test is not considered. Therefore, 
tapered as well as standard tensile test specimen geometries are used in [6] to characterize the local 
deformation behavior of differentially cooled boron steel 22MnB5 after hot stamping. The DIC 
measurements reveal for the graded as well as for the martensitic structures higher local 
logarithmic strain within the necking zone compared to the soft ferritic pearlitic structures. In 
addition, using a standard tensile test specimen geometry reveals different types of strain 
localization and failure for the graded structure due to its complex hardening behavior and mixed 
microstructure leading to multiple necking sites.  

Taking the ability of differential cooling to create tailored microstructures in boron steels within 
one single forming step into the account, this approach is recently proposed also for precipitation 
hardenable aluminum alloys to obtain dissimilar mechanical properties within one part [7]. 
Differing cooling rates generated by different tool segment temperatures lead to a characteristic 
sigmoidal hardness distribution along the longitudinal axes of the formed hat profile. The 
microstructural investigations based on the electron channeling contrast imaging (ECCI) technique 
within the transition zone reveal an increase in the precipitate’s size with decreasing hardness level. 
Hence, in the zones of the cooled forming tool segments, a homogenous distribution of fine 
spherical particles is found, while in the zones of the heated forming tool segments, coarse lath-
shaped particles are observed, explaining the obtained hardness distribution. However, despite the 
reported dissimilar material strength and the variation of microstructural features of the 
differentially cooled parts their local deformation behavior as well as their tensile deformation 
performance is not discussed in literature.  

For this reason, the above reported open quotations, especially regarding the plastic deformation 
behavior of the transition zone, inspire the present study to characterize the macroscopic local 
deformation behavior of thermo-mechanically graded microstructures using DIC technique to 
highlight the logarithmic local strain fields of the transition zone. For this aim, dfferentially cooled 
ultra-high-strength boron steel 22MnB5 and high strength aluminum alloy AA7075 are compared 
to address aspects related to different materials and microstructural mechanisms like diffusionless 
transformation and precipitation hardening. Hence, relations between process, microstructure and 
deformation properties will be established with regard to the inhomogeneous microstructure and 
dissimilar mechanical properties.   
Experimental procedure  
Materials. The experimental investigations in this study are carried out on boron steel 22MnB5 
and high strength aluminum alloy AA7075. The as received condition of 22MnB5 (ArcelorMittal) 
is Al–Si coated consisting of ferritic and pearlitic structure, an ultimate tensile strength (UTS) of 
610 MPa and an elongation after failure of A = 20 %. The as received T6-condition (solution heat 
treated, quenched, and artificially aged to peak strength) of AA7075 (Al–Zn–Mg(–Cu)) shows a 
hardness of 190 HV and UTS of 580 MPa, respectively. Both materials are sectioned into blanks 
of 250 mm x 140 mm x 1.5 mm for the hot stamping experiments. A table of the detailed chemical 
composition of the selected materials is given in [6,7].  

Thermo-mechanical forming process and heat treatment. The experimental set-up consists of a 
roller hearth furnace (type VKR 2800/e , Wärmebehandlungsanlagen für Industrie und 
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Umwelttechnik GmbH (WMU)), a manual transfer to a hydraulic press (type DS 400 Z 160, MAE 
Maschinen GmbH) equipped with a segmented hat-shaped forming tool and a chamber furnace 
with radiation heating (type KM70/13, ThermoConcept GmbH) for artificial aging treatment. The 
forming tool consists of two segments thermally separated by an air gap, in which one segment 
allows temperatures up to 700 °C whereas the other segment is cooled to a constant temperature 
of 24 °C by an integrated water-cooling circulation system. The chosen forming speed for all 
experiments was set to 48 mm-1 with a forming force of 1000 kN.  

The first group of experiments, Tab. 1, aims to investigate the local deformation behavior of 
the transition zone of boron steel 22MnB5. For this purpose, the sectioned 22MnB5 sheets were 
first austenized at the soaking temperature of Ts = 870 °C and then soaked for ts = 90 s to obtain a 
homogenous austenitic structure. The furnace temperature was set to TF = 930 °C and the sheet 
temperature was recorded using thermocouples. Subsequently after the austenitization, the heated 
22MnB5 sheets were transferred within 6 s to 8 s to the differentially tempered forming tool with 
TFT = 24 °C and TFT = 500 °C and then formed and held for tHt, FT = 10 s within the closed forming 
tool.  

The second group of experiments focuses on the local deformation behavior of high strength 
aluminum alloy AA7075 after solution heat treatment, differential cooling and artificial aging, 
Tab. 1. For this aim, the sectioned AA7075 sheets were heated to the soaking temperature of 
Ts = 480 °C to dissolve all alloying elements, formed and cooled within differentially tempered 
forming tools of TFT = 24 °C and TFT = 350 °C for tHt, FT = 30 s after a manual transfer of 6 s to 8 s. 
Immediately after forming and cooling the parts were additionally quenched in water to obtain 
high cooling rates. Finally, the formed parts were artificially aged at TAA = 120 °C for tAA = 20 h 
to obtain full strength. The investigation and thermo-mechanical treatment of the materials is 
carried out separately and independently. 

Table 1: Selected parameters for different thermo-mechanical processes to obtain tailored 
microstructure.   

Material 
Soaking 

temperature 
[°C] 

Soaking  
time  
[s]  

Tool temperature 
heated zone 

[°C]   

Tool temperature 
cooled zone 

[°C] 

Holding time 
within closed 

tools [s] 
Aging 

22MnB5 870 90  500  24 10 - 

AA7075-T6 480 900  350  24 30 120 °C – 20 h 

Property characterization and local strain measurement. Vickers hardness measurements (EMCO 
DuraScan) along the longitudinal axes of the formed parts were carried out at a test load of 98.07 N 
(HV10) for 22MnB5 and 49 N (HV5) for AA7075, respectively. Five repetitions were performed 
from the same measurement length to obtain the standard deviation. The measured hardness 
profiles were then used to highlight the property distribution and to select the position of the 
extraction of the tensile specimen at the top side of the formed hat profile, Fig. 1. Tensile test 
specimens, matched and aligned to the length of the transition zone were subsequently machined 
by electric discharge machining with a length 20 mm and width 7 mm, Fig. 1 [8]. The tensile 
properties were then determined with a screw driven uniaxial tensile testing machine (Hegewald 
& Peschke, max. press capacity: 100 kN) and an extensometer attached on the back side of the 
tensile specimen. In order to determine the geometrical changes as well as to determine the local 
strain field of the transition zone, 3D-DIC measurements coupled with tensile tests were carried 
out. The required surface pattern for DIC was applied using white spray to obtain a homogeneous 
uniform white background and subsequently black spray to adjust the spot pattern. In case of 
22MnB5 the Al-Si coating was removed in advance. For the 3D-strain measurement, two CCD 
cameras (type Xenoplan 2.8/50-0511, Schneider Kreuznach) with a resolution of 1280 x 1024 
pixel at the rate of 10 Hz were focused from different angles on the tensile specimen surface and 
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the measurement zone (transition zone). Finally, data analysis was carried out by ARAMIS 
software V.6.1 (GOM – Gesellschaft für Optische Messtechnik mbH, Germany).   
Results 
Effect of differential cooling on property distribution. The effect of differential cooling during hot 
stamping on ultra-high-strength boron steel 22MnB5 and high strength aluminum alloy AA7075 
is presented in Fig. 1 (a – b). The hardness distribution along the longitudinal axes of both hat 
profile reveals a characteristic sigmoidal trend from hard to soft zone, as also reported in the 
literature [7,9]. In case of 22MnB5, a decrease in hardness level from the hard to soft zone of 
480 HV10 to 200 HV10 is measured, revealing the fundamental influence of forming tool 
temperatures on the material strength, Fig. 1 (a). Hence, high cooling rates at cooled tool segments 
results in a martensitic structure, referring to the high material strength, while lower cooling rates 
in the heated tool segments causes a soft ferritic pearlitic structure.  

Compared to 22MnB5, the same characteristic distribution with a lower hardness level is 
obtained for AA7075 after differential cooling and artificial aging, Fig. 1 (b). It reveals a clear 
transition and decrease of material hardness from 185 HV at the cooled tool segment to 100 HV 
at the heated tool segment. Thus, the creation of tailored microstructure distribution with a 
corresponding significant change in material strength within one part is also possible for 
precipitation hardenable aluminum alloys by means of locally differing contact cooling rates after 
solutionizing. Finally, a measured transition zone length of 20 mm is found for both 22MnB5 and 
AA7075.  

 
Figure 1: Hardness profile after differential cooling for (a) 22MnB5 and (b) AA7075. 

Effect of differential cooling on tensile deformation performance. In addition to the hardness 
profile, tensile tests demonstrate the plastic deformation behavior of the transition zone of 22MnB5 
and AA7075, Fig. 2 (a – b). For 22MnB5, after attaining the YS of 460 MPa, the tensile stress 
increases to an UTS of 685 MPa on average due to the high strain hardening of 22MnB5, Fig. 2 
(a), whereas the elongation after failure, as indicator for ductility properties, reaches a maximum 
value of 7.4 %.  

The tensile deformation performance of AA7075 after differential cooling and artificial aging 
shows Fig. 2 (b). The obtained YS of 375 MPa and UTS of 491 MPa are lower than the values of 
the as received T6-condition whilst the elongation after failure amounts to a maximum value of 
6.5 %. Taking the obtained tensile curves for both, 22MnB5 and AA7075, into account the resulted 
strain hardening during plastic deformation at room temperature explain the difference of 
measured YS and UTS as well as the continuous increase of flow stress.  
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Figure 2: Tensile deformation of the transition zone of (a) 22MnB5 and (b) AA7075. Three 

repetitions are preformed from the same position. 
Characterization of macroscopic local deformation behavior. The macroscopic local 

deformation evolution and the related logarithmic von Mises strain map during tensile tests of the 
transition zone of 22MnB5 and AA7075 after differential cooling is depicted in Fig. 3 (a – d). For 
both, plastic deformation appears mainly within the soft region, respectively heated forming tool 
segment zone. Fig. 3 (a) shows the logarithmic von Mises strain evolution for 22MnB5 within the 
transition zone during tensile deformation. At the beginning of plastic deformation and at the first 
stage of Eng. strain of εEng. = 2.0 %, a slight difference in logarithmic von Mises strain in the cooled 
and heated zones along the measured length Lc can be seen. Accordingly, plastic deformation 
occurs mainly in the softer zones at the heated tool segments, while the harder zones at the cooled 
tool segments exhibit only an elastic deformation. With increasing the Eng. strain, plastic 
deformation occurs mainly in the heated tool zone, with this characteristic prevailing up to the 
necking point as well as to fracture. After the neck at εEng. = 4.0 %, high localized logarithmic 
strain up to failure of εvon Mises = 0.62 and a significant reduction in area is obtained for 22MnB5. 
The progression of the local logarithmic von Mises strain map in Fig. 3 (b) reveals and confirms 
the obtained local deformation evolution in Fig. 3 (a). It further can be deduced that the occurrence 
of plastic deformation is limited to the softer zones at the heated tool segments, which develop a 
strong strain localization leading to failure of the tensile specimen in the highly formed region with 
increasing plastic strain. Hence, within the transition zone of 22MnB5 the occurrence of plastic 
deformation during tensile tests underlies a well-defined delimitation. However, in contrast to the 
investigation in [6] multiple necking phenomena and a change of deformation locations after 
necking is not observed for the same used tensile specimen geometry.   

Fig. 3 (c) shows the progression of the local strain until failure within the transition zone of 
AA7075 during tensile test. It reveals a similar logarithmic von Mises strain distribution compared 
to 22MnB5, Fig. 3 (a). From the initial stage of Eng. strain of εEng. = 2.0 % and up to the necking 
point as well as to failure, local plastic strain is measured predominantly in the softer zone at the 
heated tool segment. After the neck at an Eng. strain of εEng. = 5.5 %, a maximum localized 
logarithmic strain of εvon Mises = 0.28 is obtained within the area of failure. It is worth to note that 
in case of AA7075, failure occurs subsequently and shortly after attaining the necking point and 
the load-supporting zone decreases rapidly, as shown in the local logarithmic von Mises strain map 
in Fig. 3 (d). However, plastic deformation also occurs in the zone at the cooled tool segment, 
which is comparatively lower to the measured logarithmic strain at the heated zone. This behavior 
shows also Fig. 3 (d), presenting the local logarithmic von Mises strain map. Nevertheless, this 
plastic deformation takes place only to a limited extent at areas of the cooled tool segment close 
to the heated tool segment, whilst the majority of this zone with higher hardness values remains 
undeformed up to failure. 
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Figure 3: Local deformation behavior and the corresponding deformation profile maps along the 
tensile direction within the transition zone of (a – b) 22MnB5 and (c – d) AA7075 during tensile 

test.  
The progression of the local strain at different specific locations on the tensile specimen of 

22MnB5 and AA7075 and the corresponding logarithmic von Mises strain map until failure shows 
Fig. 4 (a – b). The first position (position 1) is located in the center of the specimen, where the 
highest logarithmic von Mises strain value occurs. The second position (position 2) is situated at 
the same height but left of position 1. The third position (position 3) is chosen at 1.2 mm above 
position 2. The tracking of the evolution of the local strain at 3 different positions of the transition 
zone intends to identify the type of failure and the nucleation of shear bands during the tensile test 
immediately before the occurrence of failure. The resulted logarithmic von Mises local strain of 
the different positions reveal for both, 22MnB5 and AA7075 that the highest strain appear in the 
center of the tensile specimen and exactly at the point where necking was initiated. In the course 
of the plastic deformation and after the neck initiation of 22MnB5, two crossed shear bands occur, 
which results in a higher logarithmic von Mises local strain for position 3 compared to position 2, 
Fig. 4 (a). This behavior is also observed for AA7075, Fig. 4 (b), although the resulting local strain 
is not as pronounced as for 22MnB5. 

 
Figure 4: Progression of the local strain and the corresponding logarithmic von Mises strain 

map for (a) 22MnB5 and (b) AA7075.  
Discussion and Conclusion 
The present study investigates the local deformation behavior of the transition zone of thermo-
mechanically graded boron steel 22MnB5 and high strength aluminum alloy AA7075 after 
differential cooling. After this thermo-mechanically gradation of 22MnB5 and AA7075 the 
obtained hardness distribution reveals the characteristic reversed S-shape. For 22MnB5, this 
property distribution is a result of the change in transformation mechanisms, i.e. from diffusionless 
lattice shearing to diffusion-controlled transformation, leading to a hard martensitic structure and 
a soft ferritic-pearlitic phase after differential cooling using segmented forming tools after uniform 
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austenitization. Hence, from the hardness profile in Fig. 1 (a – b), a gradual change of present 
phases from hard martensite to soft ferrite–pearlite is derived. In case of high strength aluminum 
alloy AA7075, similar to 22MnB5, high cooling rates results in high material strength and low 
cooling rates to significantly lower material strength. This behavior is linked to a specific change 
in the microstructure, which is created by thermo-mechanically induced precipitation of particles 
or suppression of it during the differential cooling. At the low tool segment temperature of 
TFT = 24 °C, the nucleation and growth of precipitates is suppressed leading to a high level of 
supersaturation in the solid solution. Hence, after artificial aging, the formation and growth of 
semi-coherent strengthening η´-phases explain the obtained high hardness level in the cooled 
zones. In contrast, forming at a higher forming tool segment temperature of TFT = 350 °C together 
with an isothermal holding of 30 s leads to precipitation already during forming enabled by the 
sufficient thermal energy at 350 °C and results in a decreased level of supersaturation. During the 
following artificial aging the formation and growth of lath-shaped metastable η-phases is 
promoted. The resulted coarse particles hardly contribute to the yield strength increase and their 
interaction with moving dislocation is identified by the bypass mechanisms. Within the transition 
zone the gradual change of the supersaturation in the solid solution state possibly leads to mixed-
precipitate structures and a gradual amount of growing fine precipitates. This may be the reason 
for the continuous decrease of hardness values from hard to soft.  

The progression of the local strain and the related logarithmic von Mises strain map during 
tensile deformation show the occurrence of plastic deformation mainly in the zones at the heated 
forming tool segments, i.e. soft zones, while the hard zones at the cooled forming tool segments 
remain almost undeformed. The explanation for this behavior can be found in the specific 
microstructure of the soft zones, exhibiting lower yield strength compared to the harder zone, 
which enables and eases the initiation and accumulation of plastic deformation and movement of 
dislocations due to the high local stress concentration. These phenomena lead to higher formability 
of the soft zone and concomitantly to higher strain hardening rate. The high strain hardening can 
be found from the obtained stress strain curves showing in Fig. 2 by the continues increase of flow 
stress after attaining the yield point to UTS. This is gained by the mutual interactions of mobile 
dislocations as well as with other defects such as second phases only in limited zones. In this 
regard, the strain hardening rate increases, since in the hard zones the local stress is not sufficient 
to activate dislocations leading to enormous nucleation of dislocations in soft zones.  

In case of AA7075, plastic deformation also occurs in the zone at the cooled tool segment, 
which is comparatively lower to the measured logarithmic strain at the heated zone, while the 
measured strain distribution in case of 22MnB5 is more localized. This behavior can be explained 
by the ratio of the hardness values from the hard and soft zones The ratio of the hardness values 
of 22MnB5 samples is higher and thus the gradient of transition zone is steeper and narrower. On 
top of that, due to the local deformation concentration in limited regions, the plastic instability 
after the necking point and the occurrence of crossed shear bands leads to a further increase of the 
amount of local plastic deformation. Therefore, local plastic strain as shown in Fig. 3 (a) for 
22MnB5 accumulates as a result of plastic flow under plane stress domination and lead to 
significant high local logarithmic von Mises strain values at the necking zone short before failure. 
Due to the tailored mechanical properties by different microstructural features, the generation and 
propagation of necking as well as the failure can be controlled and limited to defined zones. 
Consequently, the mechanical performance of the mixed microstructure within the transition zone 
is governed by the macroscopic stress and strain partitioning as can be clearly seen by DIC 
analysis.  
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Abstract. Corrosion usually has detrimental effects on the longevity of metallic structures. Several 
corrosion mechanisms exist, which affect the metallic structures differently. Galvanic corrosion is 
a major corrosion phenomenon that occurs when two dissimilar metals are in contact with each 
other and with an electrolyte. Due to galvanic corrosion, the less noble metal dissolves which can 
shorten the service life of the metallic component significantly. However, recent research has 
shown that corrosion can have a beneficial impact on metal joints. Brief exposure of clinched 
specimens to a salt spray environment extends the corroded specimen’s fatigue life. The present 
work introduces a simulation procedure which can numerically predict the effects of corrosion 
product formation on the fatigue life of clinched joints. 
Introduction 
Mechanical clinching is an innovative joining method that is especially suitable for combining 
dissimilar metals [1]. In short, the joint is created by pushing two metal sheets into a die with a 
punch. Joining dissimilar materials has the advantage that lightweight structures can be formed, 
which reduce material cost while simultaneously providing the necessary structural integrity. 
However, combining dissimilar metals causes the risk of galvanic corrosion. Due to the different 
electrochemical potentials of the metals, electrons are transferred from the less noble metal to the 
noble metal, leading to oxidation of the less noble metal. Material or component integrity is often 
compromised by this process, meaning that metal components need to be replaced over time.  

A common method to prevent material degradation by corrosion is to use a sacrificial anode or 
cathodic protection. An overview of the affection of clinched joints by corrosion is given in [2]. 
Recent literature [3] has shown that a brief exposure of clinched specimens to a corrosive 
environment can also have beneficial effects to the specimen’s fatigue life. The EN AW-
6014/HCT590X+Z specimens have been corroded for three weeks prior to the fatigue testing. The 
authors attributed the observed effect to the corrosion products building up in the gap area between 
the joined metal sheets. They provided a simple mechanical model that shows a change in the load 
bearing capabilities of the clinched specimen when the gap size is reduced. Previously, the 
influence of a salt spray environment on the load bearing capabilities of clinched joints has been 
experimentally studied in Ref. [4]. It was shown via shear tests that the load bearing capabilities 
of the joints decreased with the exposure to the salt spray. 

Numerically, both corrosion and fatigue phenomena have been thoroughly studied in the 
literature. Mathematical models exist that describe corrosion and material fatigue very well. 
Modeling metal dissolution can be performed by using different approaches. Phase field models 
rely on solving the coupled Allen-Cahn and Cahn-Hilliard equations. The boundary between metal 
and electrolyte does not need to be moved by applying a distinct displacement. Thus, this approach 
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is very suitable for modeling complex geometries or surfaces that combine during the simulation 
procedure. 

In Ref. [5] a phase field model is used to study multiple corrosion phenomena, such as pitting 
corrosion in a hybrid joint. In Ref. [6], a phase field model is used to simulate stress corrosion 
cracking. In this computational model, the cracks initiate from pits. Pit growth under mechanical 
and environmental influence is studied. Another popular modeling approach for corrosion is the 
level set method, which is also very suitable for the simulation of merging surfaces. In Ref. [7], a 
level set model is presented, where among others, the lacy cover formation of pits is studied. The 
Arbitrary Lagrangian-Eulerian method to simulate the anodic dissolution is also widely used in 
the literature. A thorough overview of this method is given in Ref. [8].  

High-cycle fatigue in metallic materials has been mathematically described and simulated in 
Ref. [9]. There is a research gap in the literature, where both concepts of galvanic corrosion and 
high-cycle fatigue are coupled and applied to clinched joints.  

The present work expands on the idea that corrosion products improve the load bearing 
capabilities of clinched joints. First, a computational model is introduced, which simulates the 
formation of corrosion products and their influence on the fatigue life of clinched joints. Then, the 
test case is introduced, and the computational model is described. The results of the model are 
given and are discussed. Finally, a summary, as well as a short conclusion are given. 
Test Case Description and Computational Model 
In this section, the challenges in modeling of the corrosion phenomenon are described. The 
considered geometry for the test case is shown in Fig. 1. Modeling the positive effects of galvanic 
corrosion on the fatigue life of clinched joints requires a coupled electrochemical-mechanical 
model. The electrochemical part of the model describes the corrosion behavior of the clinched 
joint in the salt spray environment, while the mechanical part of the model describes the 
mechanical response of the joint under applied loads. In order to achieve the chemo-electro-
mechanical coupling, three major steps are defined. (i) Simulate the hydroxide layer growth which 
is caused by galvanic corrosion. (ii) Simulate the load bearing during cyclic loading, which is 
affected by the hydroxide layer thickness, and (iii) numerically predict the fatigue life of the 
corroded clinched joint. 

Performing step (i) usually requires a detailed model that accurately describes the corrosion 
behavior of the clinched joint. The corrosion behavior of EN AW-6014/HCT590X+Z/Electrolyte 
is reflected by the constituents’ electric potentials and open circuit current densities. With those 
parameters, a corrosion velocity of the less noble metal’s surface can be determined. During the 
dissolution of the less noble metal, metal ions are oxidized and dissolve into the electrolyte. This 
procedure is described by Eq. 1 

Me → Me𝑛𝑛+ + 𝑛𝑛 e−.                    (1) 

Fig.1: Two-dimensional computational domain of the clinched joint. 
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Depending on the pH of the electrolyte, hydroxide ions are produced at the cathode. This 
process is described by Eq. 2 

2 H2O + O2 + 4 e− → 4 OH−. (2) 

Metal ions and hydroxide ions in the electrolyte react and form metal hydroxides, which usually 
have a low solubility and thus precipitate. The current work uses a simplified model to mimic the 
corrosion product formation. The corrosion behavior is assumed as follows. The zinc layer on the 
surface of HCT590X forms a galvanic couple with the aluminum sheet. As shown in [3], the zinc 
layer is less noble than the aluminum alloy and dissolves into the electrolyte. The zinc hydroxide 
production is modeled as a growing layer on top of the surface of HCT590X+Z. To achieve this, 
the geometry is divided into solid and liquid domains. Solid domains are the metal sheets and the 
metal hydroxide layer, and liquid domains are the electrolyte in the gap areas. This is implemented 
by using one concentration field for the solid (𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), and one concentration field for the liquid 
(𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙).  

The normalized concentrations represent the phase fractions, i.e., they vary between 0 and 1, 
and thus reflect the different phases of the geometry, i.e., solid and liquid. In areas where 𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is 
1, 𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is 0, and vice versa. The transition between the liquid and the solid phases is resembled 
by a diffuse interface, see Fig. 2. 

Fig. 2: One-dimensional interface between the solid phase (oxide) and the liquid phase 
(electrolyte) of the domain. 

The conversion of the liquid domain to the solid domain in the gap area is realized by using a 
reaction term 𝑅𝑅𝛼𝛼. The system of equations is as follows. For the liquid and solid domains, a mass 
balance (Eq. 3) is used, respectively. 

𝜕𝜕𝑐𝑐𝛼𝛼
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝛼𝛼∇2𝑐𝑐𝛼𝛼 + 𝑅𝑅𝛼𝛼  with  𝑅𝑅𝛼𝛼 = 𝑘𝑘 𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙. (3) 

Here, 𝑐𝑐𝛼𝛼 is the concentration of either liquid or solid, 𝐷𝐷𝛼𝛼 is the diffusion coefficient, and 𝑅𝑅𝛼𝛼 the 
reaction term. 𝑘𝑘 is the rate constant. In this model, 𝐷𝐷𝛼𝛼 and 𝑘𝑘 define the size and the velocity of the 
moving interface during the phase transition. With the introduced chemical model, the hydroxide 
layer growth due to galvanic corrosion can be described.  
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In step (ii), the chemical field is coupled to the mechanical field. The mechanical model is based 
on linear elasticity. The coupling between the chemical and the mechanical field is achieved by 
multiplying the Young’s modulus 𝐸𝐸 with the solid phase concentration, resulting in distributions, 
which are shown in Fig. 3. A numerical problem arises where the solid phase is zero, since the 
resulting Young’s modulus there would also be zero. This problem is solved by constraining the 
solid phase concentration in the liquid phase to very small values larger than zero.  

In order to simulate the fatigue behavior, two load cases were applied to the clinched joint. One 
load, which represents the maximum force, and one load, which represents the minimum force 
during cyclic testing. The resulting stress fields can then be used in step (iii) to determine the 
fatigue life of the clinched joint.  

In step (iii), the high cycle fatigue model, originally introduced by Lemaitre [9], is used. It 
assumes a representative volume element (RVE), which contains a micro inclusion. The RVE 
exhibits elastic behavior, while the micro inclusion behaves elastic plastic. For each loading cycle, 
a damage increment is numerically determined, which accumulates in a damage variable D. Upon 
reaching a critical value, i.e., D = 1, material failure occurs, and cracks can form.  

Usually, the damage variable is calculated, e.g., for each node in the finite element mesh. 
However, computational costs can be reduced by limiting the high-cycle fatigue calculations to 
the location of the largest von Mises stress in the clinched joint. A similar approach has been used 
in [10]. A brief summary of the two-scale high-cycle fatigue damage model by Lemaitre is given 
in the following. The model considers two scales. The macro scale, which only considers elastic 
behavior, and the micro scale, where plastic strains occur. Variables on the micro scale are denoted 
with the superscript ( )𝜇𝜇. Stresses from the macro scale 𝜎𝜎𝑖𝑖𝑖𝑖 are transformed to the micro scale 𝜎𝜎𝑖𝑖𝑖𝑖

𝜇𝜇 
by a localization parameter a (Eq. 4). The stresses from the macro scale are obtained by finite 
element simulations. 

𝜎𝜎𝑖𝑖𝑖𝑖
𝜇𝜇 = 𝜎𝜎𝑖𝑖𝑖𝑖 − 𝑎𝑎𝑎𝑎𝜀𝜀𝑖𝑖𝑖𝑖

𝜇𝜇𝜇𝜇    with 𝑎𝑎 =  1−𝛽𝛽
1+𝜈𝜈

    where 𝛽𝛽 =  2 (4−5𝜈𝜈)
15 (1−𝜈𝜈)

 (4) 

Here, E is the Young’s modulus, 𝜀𝜀𝑖𝑖𝑖𝑖
𝜇𝜇𝜇𝜇is the plastic strain on the micro scale, and 𝜈𝜈 is the Poisson 

ratio. During the static loading, a yield function 𝑓𝑓𝜇𝜇 (Eq. 5) 

𝑓𝑓𝜇𝜇 = �𝜎𝜎�𝑖𝑖𝑖𝑖
𝜇𝜇 − 𝑋𝑋𝑖𝑖𝑖𝑖

𝜇𝜇�
eq
− 𝜎𝜎f (5)  

is evaluated.  
  



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 255-262  https://doi.org/10.21741/9781644902417-32 

 

 
259 

 
Fig. 3: Young’s modulus distribution for the initial domain (left) and for the growing hydroxide 

layer (right). 

𝜎𝜎�𝑖𝑖𝑖𝑖
𝜇𝜇 is the effective stress on the micro scale, which is defined by 𝜎𝜎�𝑖𝑖𝑖𝑖

𝜇𝜇 = 𝜎𝜎𝑖𝑖𝑖𝑖
𝜇𝜇/(1 − 𝐷𝐷). 𝑋𝑋𝑖𝑖𝑖𝑖

𝜇𝜇  is the 
backstress tensor, which accounts for kinematic hardening on the micro scale, and 𝜎𝜎f is the fatigue 
limit. ( )eq is the equivalent (von Mises) expression of the function inside the brackets. If the value 
of the yield function is zero or larger than zero, i.e., 𝑓𝑓𝜇𝜇 ≥ 0, plastic strains occur. The damage 
rate 𝐷̇𝐷 of the current cycle can then be calculated by Eq. 6 

𝐷̇𝐷 = �𝑌𝑌
𝜇𝜇

𝑆𝑆
�
𝑠𝑠

 𝑝̇𝑝𝜇𝜇, where 𝑝̇𝑝𝜇𝜇 =  𝜆̇𝜆𝜇𝜇

(1−𝐷𝐷)
. (6) 

Here, 𝑌𝑌𝜇𝜇 is the strain energy density release function, S is the damage strength, s is the damage 
exponent, and 𝜆̇𝜆𝜇𝜇 is the plastic multiplier. 𝑌𝑌𝜇𝜇 usually depends on a closure parameter h, which 
accounts for the closure of micro defects under compression. This means that the damage 
increments are smaller in areas where compression occurs.  

In summary, the fatigue life of pre-corroded and non-corroded clinched joints can be 
numerically predicted by (i) simulating the hydroxide layer growth due to galvanic corrosion, (ii) 
simulating static loading during the fatigue tests and identifying the area where the largest stress 
occurs, and (iii) performing high-cycle fatigue calculations with the highest stress as an input. Both 
models for step (i) and (ii) are coupled and implemented within a finite element framework. 
Coupling means that the growing hydroxide layer is included in the static loading simulations. The 
high-cycle fatigue damage model is implemented via a python script, where the closed form 
solution shown in [11] is applied. 
Influence of the Hydroxide Production on the Fatigue Life of Clinched Joints 
In this section, the results of the simulation procedure are given and discussed. Fig. 4 shows the 
hydroxide layer thickness at different time stamps obtained from step (i). The small gap between 
both metal sheets is filled with corrosion products and thus shrinks in its size. Metal dissolution 
and corrosion product formation occur at the same time.  
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Fig. 4: Initial solid phase fraction (left) and solid phase fraction after 1200 s (right). 
In the current model, metal dissolution is neglected. The specific volume of the corrosion 

product zinc hydroxide is much larger than the specific volume of the dissolving zinc, which is 
why only the hydroxide layer growth is considered. The time scales of the computational model 
do not necessarily reflect the real-world corrosion behavior of the clinched joint in the salt spray 
environment. For example, the clinched specimens were corroded for three weeks in the salt spray 
chamber in [3].  

No details on the intermediate states of corrosion (e.g., hydroxide layer thickness) were given.  
It is thus not possible to precisely derive the growth rate of the hydroxide layer from the performed 
experiments. However, the parameters of the model (D, k) can be adapted to increase or slow down 
the hydroxide production rate to accurately reflect the actual corrosion behavior.  
Furthermore, the presented results align very well with experimental findings, i.e., the formation 
of corrosion products leads to an overall better fatigue life. The introduced model shows the 
potential to accurately reflect the real-world behavior. Its parameters, however, have to be 
determined by further experimental investigations. For example, it is expected that mass transfer 
of the dissolving metal ions is slowed down by the growing hydroxide layer. This effect can be 
captured by a time dependent diffusion coefficient D. The hydroxide layer growth should thus 
slow down over time. In the current model, the growth rate is assumed to be constant, as shown in 
Table 1. 
 
Table 1: Results of the high-cycle fatigue calculations with different hydroxide layer thicknesses. 

  

Time t [s] 0 50 100 150 
Hydroxide layer 
thickness [μm] 

0 6 12 18 

Number of 
cycles until 
failure  

Force 
amplitude 
700 N 

1211 2397 4678 8602 

Force 
amplitude 
500 N 

21513 43338 84602 162120 
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The results obtained from step (ii) are shown in Fig. 5. In the left plot, no hydroxide layer is 
considered and consequently, large stresses occur in the left neck area. The right plot shows the 
von Mises stress for the same applied load. In this case however, the gap is fully closed with 
corrosion products. The overall occurring stresses in the final configuration are lower compared 
to the configuration without corrosion products. It can be concluded that the growing hydroxide 
layer influences the load bearing behavior of the clinched specimen. Near the tip of the left gap, 
very large stresses were observed. These large stresses originate from the fact that the clinched 
specimen is simulated as a continuous body with different material properties, i.e., no contact 
formulation was applied yet. For the rest of the proposed modeling procedure, these large stresses 
at the tip of the left gap were not considered. 

In step (iii), the results from the static loading simulation are used in the high-cycle fatigue 
calculation. For this, two force amplitudes of 700 N and 500 N, respectively, were used in step 
(ii). Table 1 summarizes the calculated results. A clear trend is recognizable, a thicker hydroxide 
layer results in slower damage accumulation. This means that more loading cycles can be endured 
by the clinched specimen before material failure occurs. In 50 s simulation time of hydroxide layer  
growth, the number of cycles until failure roughly doubles.  

Fig. 5: von Mises stress of the initial configuration with no hydroxide layer (left) and von Mises 
stress of the final configuration with a fully closed gap (right). 

Conclusion 
In this work, a modeling procedure was introduced that can numerically simulate the impact of a 
hydroxide layer production on the fatigue life of clinched joints. It was shown that corrosion 
products enlarge the contact area of the metal sheets in the clinched joints, ultimately reducing the 
mechanical stresses. This stress reduction leads to an improved fatigue life. The present model has 
some shortcomings, which will be addressed in future research. The hydroxide layer production in 
the model does not accurately reflect the real-world time scale. This can be addressed by adjusting 
the reaction constant and the diffusion coefficients of the two species. Furthermore, the 
electrochemical behavior of the galvanic pair EN AW-6014 and HCT590X+Z is not fully 
described. This means that the hydroxide layer production is currently not influenced by the 
metals’ electric potentials and is thus uniform along the metal surface. 
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Abstract. The application of the mechanical joining process clinching allows the assembly of 
different sheet metal materials with a wide range of material thickness configurations, which is of 
interest for lightweight multi-material structures. In order to be able to predict the clinched joint 
properties as a function of the individual manufacturing steps, current studies focus on numerical 
modeling of the entire clinching process chain. It is essential to be able to take into account the 
influence of the joining process-induced damage on the load-bearing capacity of the joint during 
the loading phase. This study presents a numerical damage accumulation in the clinching process 
based on an implemented Hosford-Coulomb failure model using a 3D clinching process model 
applied on the aluminum alloy EN AW-6014 in temper T4. A correspondence of the 
experimentally determined failure location with the element of the highest numerically determined 
damage accumulation is shown. Moreover, the experimentally determined failure behavior is 
predicted to be in agreement in the numerical loading simulation with transferred pre-damage from 
the process simulation. 
Introduction 
Clinching is a widely applied mechanical joining technique for sheet metal materials in which the 
joint is based on cold forming of the parts to be joined and no auxiliary element is required. It has 
proven particularly useful for the implementation of multi-material designs, which have become 
important in the context of lightweight construction in the automotive industry [1]. 

The material combination and clinching process parameters examined in this paper has been 
extensively investigated in [2]. In particular, the process chain of clinching aluminum EN AW-
6014 T4 was described and experimental techniques were proposed to analyze the process-
structure-property relationships from the sheet metals properties to the joined structure. 2D 
rotationally symmetric FE-models of this connection were presented in [3] and for 3D FE-models 
in [4]. With the FE models, results have already been obtained with regard to the joining point 
properties and the maximum transmissible force under load, which are in agreement with the 
experiments. The prediction of a neck crack in the joining process or the maximum strain under 
load could not be predicted yet due to a lack of damage and failure model in own previous studies. 
The plastic behavior and the pre-damage introduced into the material are relevant for the 
subsequent joining point properties. In [5] an isotropic elasto-plastic law coupled with a Lemaitre 
ductile damage model was used to investigate the clinching process. Subsequent strength tests and 
optimization of the process parameters through a Kriging metamodel were shown.  In [6] the self-
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piercing riveting process (SPR) was examined and it was shown that the consideration of the 
damage behavior during the joining process itself is of major importance. From this, they conclude 
that it might also be relevant to investigate damage evolution for clinching, which is a similar 
joining technique.  

In [7] a damage model was developed in order to analyse process-induced defects during SPR 
and clinching. 6xxx series aluminium sheets in the T6 condition were investigated with limited 
ductility and different damage criteria were compared to predict the influence of process-induced 
damage on the strength properties of the joints.   

Failure modeling in mechanical joining processes was presented in [8] by applying the 
GISSMO damage model in LS-DYNA to the SPR process simulation to predict ductile damage in 
thin aluminum sheets. The parameters for this stress state dependent material model have been 
identified from tensile tests with various characteristic stress states. In [9], the complete process 
chain for self-pierce riveting was numerically investigated with respect to joint failure. The 
calibration of damage models and their application in strength analysis are integral parts of the 
present study. Furthermore, different damage models and the influence of the setting depth on the 
joint strength and the type of joint failure are compared.  

In [10] a method for the calibration of failure models for the simulation of clinching processes 
was presented. Based on experimental tests and corresponding simulation models, failure-relevant 
data were transferred into three different failure models and calibrated. The Hosford-Coulomb 
model [11] was found to be highly predictive.  
The purpose of this study is to investigate the numerical damage accumulation in the clinching 
process based on an implemented Hosford-Coulomb failure model using a 3D clinching process 
model and the influence of the transfered damage on the load-bearing behavior under shear tensile 
load. 
Finite-Element-Models 
The FE-model used in this study for the calculation of the clinch joining process was first presented 
in [12] and then applied for a numerical process chain in [4]. The tool and sheet geometries as well 
as boundary conditions were adapted. All simulations run with the LS-DYNA Solver ls-
dyna__smp_d_R12.1.  with implicit time integration. Due to the process time and low dynamic 
effects an implicit time integration was chosen.  

Fig. 1: FE clinch process and shear tensile test model 
A clinch joining process model as well as a shear tensile model were used in this study. Pre-

operation before joining, such as pre-strain, is not taken into account in this study. The models are 

1. 3D clinch process model 2. Simplified shear load model
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modified with respect to the element formulation of the sheet materials and the material model 
used. Since the discretization of the parts to be joined is optimized for the process, there is no need 
for automatic adaptive remeshing during the simulation. The sheets are now discretized with 
hexahedral elements, as shown in Fig. 1.  

The clinching process takes advantage of the symmetry of the process and is calculated using a 
quarter model of the real geometry. The shear tensile test is based on the geometry calculated in 
the clinching process and the material conditions. This is represented by a reflection at the 
symmetry plane as half a model. The shear tensile test is simplified in terms of geometry and does 
not reproduce the real specimen stiffness from the experiment. This must be taken into account in 
the subsequent evaluation. 
Material model 
A hyperelastic-based finite plasticity material model was implemented as user defined material 
model in the commercial FEM software LS-DYNA. At first, plastic anisotropy will not be 
considered such that the application of finite plasticity based on a multiplicative split of the total 
deformation is straightforward. The implementation is based on [13] , where the approach has 
already been extended to incorporate gradient-damage. The flexibility of a user material is 
necessary especially for our later extension to incorporate the inherent material softening of ductile 
damage and its physically motivated regularization by gradient-enhancement. In this study, the 
assumption was made that damage accumulation has no influence on material behavior and is only 
a failure criterion. An efficient strategy for the implementation of gradient-enhancement in LS-
DYNA has been presented recently [14] utilizing the existing thermomechanical coupling.  

The isotropic plastic hardening behavior is given by a flow curve presented in [15]. The 
extrapolated flow curve and the mechanical properties of EN AW-6014 T4 used in this study are 
shown in Fig. 2. The flow curve was extrapolated according to the Hockett-Sherby approach. The 
layer compression test is the experimental basis for this extrapolation.  

Fig. 2: Mechanical properties of EN AW-6014 T4 [15] 
Hosford-Coulomb failure model 
The Hosford-Coulomb failure model was proposed in [11]. Therein, the von Mises equivalent 
stress was replaced by the Hosford equivalent stress in combination with the normal stress acting 
on the plane of maximum shear. The Hosford-Coulomb model is based on the extensive study on 
3D unit cells in [16], thus it has a strong micromechanical foundation.  In [11] fracture experiments 
on three different steels were conducted and used to calibrate the fracture criterion. When 
compared against the experiments, the simulations showed good agreement. Using and extending 
previous work [10], the failure prediction is based on the Hosford-Coulomb (HC) failure model  
[11]. The latter proved most suitable for the failure prediction of the also herein considered 
aluminum alloy EN-AW 6014. The HC model is the generalization of the Mohr-Coulomb model 
that was shown to agree well with localization analyses of various stress states  [11], which is 
closely related to the failure prediction. Such stress-state dependent models are well suited to 
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describe the different damage processes taking place, ranging from void growth to shear banding. 
The HC failure model predicts the current failure strain 𝜀𝜀𝑓̅𝑓 as a function of the stress state 
characterized by the stress triaxiality 𝜂𝜂 and the Lode angle 𝛳𝛳�. For a detailed description of the 
relations see [11]; [10]. The four parameters of the HC model are taken from [10] for the 
aluminium alloy EN-AW 6014 T4. Even though at this point, damage-related softening is not 
activated, a nonlinear damage accumulation law is utilized as proposed in [17]; [18] as 

𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑑𝑑 �
𝜀𝜀�𝑝𝑝

𝜀𝜀�𝑓𝑓(𝜂𝜂,𝛳𝛳�)
�
𝑛𝑛𝑑𝑑−1 𝑑𝑑𝜀𝜀�𝑝𝑝

𝜀𝜀�𝑓𝑓(𝜂𝜂,𝛳𝛳�) 
 (1) 

with the positive damage exponent n_d, here equal to 2. Such an incremental nonlinear 
approach is regarded as indispensable to predict the damage accumulation under non-proportional 
loading as present in experiments and distinct for the clinch joining and joint loading. 
Results 
The clinching process model is compared to the experiment for the connection EN-AW 6014 T4 
t= 2mm in EN-AW 6014 T4 t= 2mm in order to show the influence of incorrect geometric 
properties or incorrect plastic deformations that would be calculated based on an incorrect 
plasticity model. For this purpose, the simulated contour of the clinched joint (blue) is compared 
with the experimental micro section, as shown in Fig. 3 (left). A good agreement can be observed. 
Furthermore, the experimental determined force-displacement curve is compared with numerical 
calculated values. A high agreement between experiment and simulation is evident. The clinched 
joint mesh calculated in the model is then transferred to the shear load model. 

Fig. 3: Model comparison of the clinching process (simulation and experiment) 
The element accumulating the highest damage was selected for the localization of the crack 

location due to the damage accumulation in the shear tensile test. This element was also evaluated 
in the clinching process. Afterwards, the influence of the joining process induced pre-damage on 
the shear tensile test was also taken into account (coupled model).  
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Fig. 4: Localization of the highest damage accumulation in the shear tensile test 
The element is located in the top plate in the neck area and is shown in Fig. 4 on the right hand 

side (marked). The evaluation of the failure location was made at the beginning of the first 
occurring damage peak. The experimental clinched joint after shear tensile loading is shown on 
the left, with the fracture location corresponding to the simulated location of the highest damage 
accumulation. To achieve an understanding of the complex local stress state, the element with the 
highest final damage was selected and evaluated during the coupled process.  

Fig. 5: Simulated stress state during the clinching process and shear tensile test 
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Fig. 5 shows the plasticity curves of the selected element during the process over the parameters 
stress triaxiality and the Lode angle, which are used to describe complex stress states. 

Fig. 6: Force curves during the shear load test and damage accumulation 
The blue curve represents the progression of the uncoupled tensile shear test model. Therein, 

only the geometry (without strains, stresses, damage) was transferred from the clinching process 
model. The plasticity starts at a value of 0 and increases until the end of the simulation. Since the 
damage value of 1 is not reached, no failure will occur. The red curve describes the development 
of local plasticity with coupling to the clinching model, plastic strains, stresses, damage are 
transferred. Consequently, the red curve starts at an initial plasticity of approx. 0.3. Due to this 
pre-deformation, the damage accumulates higher, so that the element reaches a damage of 1 at a 
plasticity of 0.6089 and fails. The qualitative progressions of the uncoupled to the coupled model 
with regard to stress triaxiality and Lode angle are comparable. Initially, a tension-superimposed 
stress state is present in the element. In the further course of the test, the punch-sided sheet is pulled 
over the die-side sheet, which leads to a shear stress in the material, stress triaxiality around 0. The 
tilting of the specimen and an initial unbuttoning in the joining point (see failure mode in Fig. 4) 
again leads to a tensile superimposed state, stress triaxiality about 0.5. The green curve shows the 
plasticity curve of the element selected in the shear test model during the clinching process. The 
calculated properties (plastic strain, stress, damage) were then transferred to the coupled model 
(marked by black arrow). Fig. 6 shows the force-displacement curves of the shear tensile test of 
the coupled (red) and the uncoupled (blue) models. Furthermore, the damage accumulation of the 
models is also shown, at a value of D= 1, element deletion occurs and thus a failure of the joint. 
The uncoupled model underestimates the experimental force-displacement curve, since the strain 
hardening due to the plastic deformation that occurs in the clinching process is not taken into 
account. The damage starts at the value 0, since no pre-damage was transferred from the joining 
process. The damage accumulation in the uncoupled shear tensile test (blue) does not reach a 
damage value of 1 up to a displacement of 1.0 mm, thus no neck crack is predicted. The coupled 
model (red) overestimates the force curve of the experiment. Due to the simplified geometry of 
the FE shear tensile model shown here, a higher specimen stiffness results. Due to the missing 
total length of the specimen, the bending of the specimen parts characteristic for the specimen 
shape and the rotating clinch point are omitted, which leads to a simplified joint failure in the 
regular case. This simplification was adopted for this study, further investigation is required. The 
deviation of the maximum force can be attributed to the fact that the model does not show any 
material softening due to the damage. Furthermore, this can be attributed to the use of a quadratic 
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von Mises yield criterion, which is known to overestimate the yield stress under shear for 
aluminum materials [19]. In the damage progression of the coupled shear strain model (red), an 
initial damage can be seen at the beginning. This increases due to the nonlinear Hosford-Coulomb 
damage accumulation during the shear tensile test until a damage value of 1 is reached. The 
element fails in the model, which subsequently leads to a neck crack. The simulated predicted 
failure displacement agrees with the experimental results. 
Summary 
In this study a modified FE clinching process model was presented, which does not require any 
remeshing and thus eliminates the influence of remeshing. The Hosford-Coulomb failure model 
identified in [10] by the modified punch test was implemented in the FE clinching process chain. 
The damage accumulation in the joining process as well as in the loading process could be 
determined. The influence of the pre-damage induced in the sheets during the joining process on 
the shear strength could also be shown. It is important to accumulate the material properties during 
the whole process chain in order to predict the failure location and time. Furthermore, it was shown 
that the calibrated Hosford-Coulomb model can predict the failure for the process shown. In further 
investigations, the material model will be extended to include a non-quadratic yield criterion as 
well as material softening due to ductile damage using gradient enhancement for appropriate 
regularization, as presented in [20]. Finally, the damage model is to be implemented in process 
chain models in order to predict the damage and failure behavior during a pre-operation, the joining 
process as well as more accurately during the loading phase. 
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Abstract. In the numerical simulation of mechanical joining technologies such as clinching, the 
material modeling of the joining parts is of major importance. This includes modeling the damage 
and failure behavior of the materials in accordance with varying occurring stress states. This paper 
presents a calibration method of three different fracture models. The calibration of the models is 
done by use of experimental data from a modified punch test, tensile test and bulge test in order to 
map the occurring stress states from clinching processes and to precisely model the resulting 
failure behavior. Experimental investigations were carried out for an aluminum alloy  
EN AW-6014 in temper T4 and compared with the simulative results generated in LS-DYNA. The 
comparison of force-displacement curves and failure initiation shows that the Hosford–Coulomb 
model predicts the failure behavior for the material used and the tests applied with the best 
accuracy. 
Introduction 
Based on the multi-material design used in all industrial sectors today, the ongoing search for 
innovative construction methods puts high demands on joining technology. An efficient joining 
process for assembling different sheet metal materials is clinching, where the joint is created by 
solely cold forming the material without any auxiliary element [1]. In product development 
processes, numerical simulations can be used to reduce experimental effort and thus the product 
development cycles. In this context, accurate material modeling is of decisive importance. In 
addition to the plasticity and friction, the description of the damage and failure behavior of the 
material must also be taken into account. During the clinching process, the punch partially 
penetrates the sheet metal and causes a local metal flow of the material into the die. This generates 
a three-dimensional stress state in the parts to be joined [2].  

The stress state dependent damaging and failure behavior of ductile metals in forming processes 
has been the research focus of many studies. In this regard, two mechanisms of damage have been 
identified as fundamental, depending on the stress state. Based on investigations of microscopic 
fracture surfaces in [3] it was found out that void growth takes place under hydrostatic tensile 
loading and void coalescence eventually leads to ductile failure. On the other hand, a different 
damage mechanism occurs for shear dominated loading, whereby voids are elongated and 
coalesced within a narrow band. In order to predict the failure behavior during deformation 
processes in ductile metal materials phenomenological failure models are widely used. Thereby, 
failure occurs if the equivalent plastic strain reaches a certain failure strain, which is derived from 
a predetermined relation as a function of the stress state. Widely known and frequently used stress 
state dependent failure models are  the Johnson-Cook [4] and the Bao-Wierzbicki [5] model. Both 
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are based on the stress triaxiality 𝜂𝜂, which is defined as the mean stress 𝜎𝜎𝑚𝑚 = 1
3

 (𝜎𝜎1 + 𝜎𝜎2 + 𝜎𝜎3) 
divided by the von Mises equivalent stress 𝜎𝜎𝑣𝑣𝑣𝑣 =  �3 𝐽𝐽2 leading to the dimensionless ratio 
expressed by Eq. 1, providing information on the stress state [6]. 

With 𝜎𝜎1,𝜎𝜎2 and 𝜎𝜎3 are the principal stresses with the assumption: 𝜎𝜎1 ≥ 𝜎𝜎2 ≥ 𝜎𝜎3. Developments 
and experimental observations in damage plasticity theory showed that the effect of stress state on 
fracture behavior could not be fully reflected by stress triaxiality alone [7]. Therefore, in addition 
to stress triaxiality η, the Lode angle parameter ξ must also be considered, which can be related to 
the third deviatoric stress invariant 𝐽𝐽3 in following Eq. 2 [8] 

The ongoing research on failure modeling has generated further models to describe the failure 
strain as a function of stress triaxiality and Lode angle. For example the Xue-Wierzbicki model, 
which is described in [7]. This model assumes that the fracture strain is always bounded by two 
limit cases corresponding to the axisymmetric stress state and the plane strain state. There is an 
abundance of experiential results showing a decrease of the failure strain with increasing stress 
triaxiality 𝜂𝜂. The most favorable condition for fracture, meaning the highest ductility is achieved 
in tension of round bars where the Lode angle parameter ξ = 1. This model is simple to calibrate 
and applied for aluminum material EN AA-2024 in [7]. 

Another well-known model is the modified Mohr-Coulomb model [9]. The model imposes a 
monotonic decrease in ductility for increasing stress triaxiality, which is coupled with an 
asymmetric function of the Lode angle. This model was calibrated for an EN AW-6016 aluminum 
alloy in [10]. In [11] a good predictability of the modified Mohr-Coulomb model was confirmed 
by comparing predictions to fracture experiments on TRIP780 steel.  

A modification of this model named the Hosford-Coulomb model was proposed in [12]. 
Therein, the von Mises equivalent stress was replaced by the Hosford equivalent stress in 
combination with the normal stress acting on the plane of maximum shear. The Hosford-Coulomb 
model is based on the extensive study on 3D unit cells in [13], thus it has a strong micromechanical 
foundation.  

Failure modeling in mechanical joining processes was presented in [14] by applying the 
GISSMO damage model in LS-DYNA to the self-piercing riveting (SPR) process simulation to 
predict ductile damage in thin aluminum sheets. The parameters for this stress state dependent 
material model have been identified from tensile tests with various characteristic stress triaxiality 
and Lode angle parameter values. Furthermore, the impact of different damage models on the 
accuracy of numerical joint strength prediction for the SPR process was studied systematically in 
[15]. An aluminum sheet – cast aluminum material combination was joined with SPR and the joint 
strengths were tested under various loading conditions. In [2] the stress states occurring during the 
clinching process of DC04 materials were investigated numerically. It was shown that in the failure 
critical necking stress triaxiality of 𝜂𝜂 = 0.3 – 0.7 can occur, and Lode angle parameter ξ = 0 – 1.  

For the experimental investigation of different stress states in order to identify damage 
parameters, a large variety of experimental tests and sample types exists. The punch test in several 
variants [16] has proven to be suitable, as it enables to generate different stress states. The 
experimental setup shows similarities to the clinching process, as it also consists of punch and die 
acting orthogonally to the sheet plane. However, the exact determination of the failure time or 
location has been problematic due to the lack of optical accessibility. Therefore, the development 
and functional proof of a modified punch test has been presented in [17]. This test rig allows the 

𝜂𝜂 =  𝜎𝜎𝑚𝑚
𝜎𝜎𝑣𝑣𝑣𝑣

=  𝜎𝜎1+ 𝜎𝜎2+ 𝜎𝜎3

3�12[(𝜎𝜎1−𝜎𝜎2)2+(𝜎𝜎2−𝜎𝜎3)2+(𝜎𝜎3−𝜎𝜎1)²]
 with  𝐽𝐽2 =  1

6
[(𝜎𝜎1 − 𝜎𝜎2)2 + (𝜎𝜎2 − 𝜎𝜎3)2 + (𝜎𝜎3 − 𝜎𝜎1)²]. (1) 

ξ =  27
2

𝐽𝐽3
𝜎𝜎𝑣𝑣𝑣𝑣
3 = 3√3

2
𝐽𝐽3
𝐽𝐽2
3/2 with  𝐽𝐽3 =  (𝜎𝜎1 − 𝜎𝜎𝑚𝑚)(𝜎𝜎2 − 𝜎𝜎𝑚𝑚)(𝜎𝜎3 − 𝜎𝜎𝑚𝑚). (2) 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 271-278  https://doi.org/10.21741/9781644902417-34 

 

 
273 

application of defined stress conditions in different sheet materials using varying punch and die 
geometries. Due to the sectioned design and with the help of DIC, the deformation behavior as 
well as the crack initiation location and timing can be precisely determined. A corresponding 
numerical model has been explained and validated by comparison with experimental data. 

In this study, a new method for calibrating failure models is presented. It mainly focuses on 
experimental data from modified punch tests and is intended to be useful for failure modeling in 
clinch simulations. A special focus is set on the modelling of the damage accumulation during the 
deformation of the material in order to be able to transfer it into a numerical process chain of 
clinching. For this purpose, three different damage models will be calibrated and simulated data 
will be compared with experimental results.  
Materials and testing methods 
The investigations in this study were carried out on an aluminum alloy EN AW-6014 T4 with a 
yield strength of 130 MPa and a minimum elongation A80 of 23 % [18]. The selected experimental 
tests for this study are shown in Fig. 1. It shows the modified punch test (MPT) in two different 
variants. One is a bar-shaped punch with blunt nose to induce shear stress states in the material. 
The second variant includes a punch with a hemispherical shape to achieve tensile superimposed 
stress states. The die used remained the same with a diameter of 11 mm and an edge radius of 0.3 
mm. The detailed experimental setup and procedure can be found in [17]. The associated 
simulation models were validated using deformation behavior and force-displacement curves 
(without failure modeling). With the cross sectional design of the MPT, a biaxial stress state in the 
material cannot be achieved. However, this is essential for clinching processes. Therefore, data 
from a hydraulic bulge test was used as an additional interpolation point for the calibration. The 
bulge test is described in [19] and is characterized primarily by high plastic deformation with low 
frictional influence. The test generates an almost constant biaxial stress states with η = 2/3 and  
ξ = – 1 in the material. Experimentally determined failure strains for the material under 
investigation were taken from [20] and amounts to 𝜀𝜀𝑓𝑓�  = 0.71. Furthermore, data from tensile tests 
were used for the calibration, since these represent the stressing of the material under uniaxial 
tension with η = 1/3 and ξ = 1 at the beginning and move over to biaxial stress states with η = 2/3 
for increasing plastic deformation. These non-proportional load paths are also present in clinching 
processes [21]. Experimentally determined failure strains of tensile tests for the material were 
taken from [22].  

Fig. 1: Modified punch test for identifying damage parameters in sheet metal materials  
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Modelling and simulation  
To model the failure behavior of the investigated material, three different models were calibrated 
in this study and their predictive ability was investigated. Firstly, the Xue-Wierzbicki model [7], 
which is described by Eq. 3. 

𝜀𝜀𝑓𝑓� =  𝑐𝑐1𝑒𝑒−𝑐𝑐2𝜂𝜂 − (𝑐𝑐1𝑒𝑒−𝑐𝑐2𝜂𝜂 − 𝑐𝑐3𝑒𝑒−𝑐𝑐4𝜂𝜂)(1− 𝜉𝜉𝑚𝑚)
1
𝑚𝑚. (3) 

This model describes the failure strain 𝜀𝜀𝑓𝑓�  as a function of stress triaxiality 𝜂𝜂 and Lode angle 
parameter 𝜉𝜉 as well as the four material parameters 𝑐𝑐1 - 𝑐𝑐4. The parameter 𝑚𝑚 is an even integer 
closest to the value of 1/n, which relates to the hardening exponent and is for the used material in 
this study taken as 𝑚𝑚 = 6.0. 
In addition, the modified Mohr-Coulomb model [9] was applied, which is described using Eq. 4.  

 𝜀𝜀𝑓𝑓� = �𝐴𝐴
𝑐𝑐2
��1+𝑐𝑐12

3
cos�𝛳𝛳

�𝜋𝜋
6
� + 𝑐𝑐1 �𝜂𝜂 + 1

3
𝑠𝑠𝑠𝑠𝑠𝑠 �𝛳𝛳

�𝜋𝜋
6
����

−1
𝑛𝑛

.  (4) 

Therein, the failure strain is described as a function of stress triaxiality 𝜂𝜂 and an adapted Lode 
angle parameter 𝛳𝛳�, which derives from the Lode angle parameter 𝜉𝜉 by Eq. 5. 

𝛳𝛳� = 1 − 2
𝜋𝜋

arccos 𝜉𝜉. (5) 

Furthermore, the model includes two material parameters 𝑐𝑐1 - 𝑐𝑐2 and the parameters A and n, 
which are related to the materials plasticity and are identified as A = 355.15 MPa and n = 0.1548. 
The third model to describe the failure behavior is the Hosford-Coulomb model [12]. It consists 
of the Lode angle dependent trigonometric functions 𝑓𝑓1 −  𝑓𝑓3 that are described by Eq. 6. 

𝑓𝑓1 = 2
3
𝑐𝑐𝑐𝑐𝑐𝑐 �𝜋𝜋

6
(1 − 𝛳𝛳�)�  ;  𝑓𝑓2 = 2

3
𝑐𝑐𝑐𝑐𝑐𝑐 �𝜋𝜋

6
(3 + 𝛳𝛳�)�  ;  𝑓𝑓3 = −2

3
𝑐𝑐𝑐𝑐𝑐𝑐 �𝜋𝜋

6
(1 + 𝛳𝛳�)�. (6) 

The failure strain 𝜀𝜀𝑓𝑓�  in the Hosford-Coulomb model is described by Eq. (7). The model includes 
three material parameters 𝑐𝑐1 - 𝑐𝑐3 and the strain hardening exponent n = 0.1548.  

𝜀𝜀𝑓𝑓� = 𝑐𝑐2 �
1+𝑐𝑐3
𝑔𝑔 (𝜂𝜂,𝛳𝛳�)�

1
𝑛𝑛  ;  𝑔𝑔 = �1

2
(𝑓𝑓1 − 𝑓𝑓2)𝑐𝑐1 + 1

2
(𝑓𝑓2 − 𝑓𝑓3)𝑐𝑐1 + 1

2
(𝑓𝑓1 − 𝑓𝑓3)𝑐𝑐1�

1
𝑐𝑐1 + 𝑐𝑐3(2𝜂𝜂 + 𝑓𝑓1 + 𝑓𝑓3). (7) 

For identification of the evaluation area and thus the calibration of the models, at first the most 
failure-critical element from each of the numerical models was evaluated in terms of plastic strain, 
stress triaxiality, and Lode angle according to the crack initiation determined from the experiments. 
To take the non-proportional loading paths of the experiments into account – also in view of the 
later application to clinching  [21] – a non-linear damage accumulation law is applied, Eq. 8 with 
the damage exponent 𝑛𝑛𝑑𝑑 > 0, herein chosen as 2. In differential form, this is proposed in [23].  

𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑑𝑑 �
𝜀𝜀�𝑝𝑝

𝜀𝜀�𝑓𝑓(𝜂𝜂,𝛳𝛳�)
�
𝑛𝑛𝑑𝑑−1 𝑑𝑑𝜀𝜀�𝑝𝑝

𝜀𝜀�𝑓𝑓(𝜂𝜂,𝛳𝛳�) 
  . (8) 

The material parameters of the models were adjusted using a nonlinear solver with respect to 
minimization of the mean squared error such that the damage value 𝐷𝐷 = 1 occurs at exactly the 
time the crack initiation was determined in the experiment. An iterative approach was then applied 
for the calibration of the models. With a first failure model derived in this way, the numerical 
models of the MPT and tensile test were recalculated and the element with the highest accumulated 
damage selected and evaluated, in order to use the values determined from this recalculation again 
for the calibration. All simulations were run in LS-DYNA using implicit time integration. A 
hyperelastic-based finite plasticity formulation was implemented as user-defined material model 
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including the presented stress-state dependent non-linear damage accumulation and failure by 
element deletion. 
Results  
The results of the models calibrated in this way are depicted in Fig. 2. This shows the curves for 
stress triaxiality and Lode angle over plastic strain in the evaluated element for the tensile test, 
MPT shear and MPT hemispherical. It is observable how the stress triaxiality in the tensile test 
starts at 𝜂𝜂 = 1/3 but increases notably with increasing plastic deformation and necking of the 
specimen. The Lode angle starts at 𝛳𝛳� = 1  and progresses towards 𝛳𝛳� = 0. On the trajectories, the 
failure times (𝐷𝐷 = 1) predicted by the different models as well as experimentally determined are 
color coded. All models predict the failure time in the tensile test with high accuracy. The Xue-
Wierzbicki model most closely matches the failure time for this experiment. The center plots show 
the stress triaxiality and Lode angle progressions for the MPT shear. The values run very 
consistently in the range 𝜂𝜂 =  𝛳𝛳� = 0, which means that a pure shear stress state is well represented 
by this experiment. Again, all models agree precisely with the failure time from the experiments. 
The plots on the right in Fig. 2 depict the curves for the MPT hemispherical. In the evaluated 
element for this test, an inhomogeneous stress profile can be seen based on the stress triaxiality. 
The initially pressure-superimposed stress state changes to a tension-superimposed state as the 
plastic deformation progresses. This stress path is characteristic of the failure-relevant neck regions 
in clinched joints. The experimentally determined failure time is best predicted by the Hosford-
Coulomb model. The discontinuous course is due to the finite time steps and discontinuously 
changing contact states in the simulation, which would require further refinement. 

 
Fig. 2: Evaluated stress triaxiality and Lode angle for the experimental tests with failure times 

predicted using the different models 
The averaged error over all tests is 4.3 % for the Xue-Wierzbicki model, 3.2 % for the modified 

Mohr-Coulomb model and 1.2 % for the Hosford-Coulomb model. The failure surfaces of the 
calibrated models with the associated material parameters can be seen in Fig. 3. It shows a 
dependence of the failure strain on the stress triaxiality for Lode angle values of  -1 and 1, which 
flattens out in the region for Lode angle around 0. For all models, the failure strain decreases with 
increasing stress triaxiality. That means high failure strain for compression superimposed stress 
conditions and decreasing strain for tension superimposed stress conditions. The Xue-Wierzbicki 
model is symmetric with respect to Lode angle, whereas modified Mohr-Coulomb and Hosford-
Coulomb are asymmetric, which renders a higher flexibility in Lode angle dependencies. 
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Fig. 3: Failure surfaces of the calibrated models: left: modified Mohr-Coulomb, center: 

Hosford-Coulomb and right: Xue-Wierzbicki 
The calibrated Hosford-Coulomb model was implemented in the simulations of the MPT shear 

and MPT hemispherical experiments and compared with the experiments for verification. Fig. 4 
shows the comparison of failure initiation and crack development in experiment and simulation. It 
shows that for both tests, crack initiation occurs at the same time at the identical location in 
experiment and simulation. Furthermore, the crack development over the further course towards 
complete fracture is already well predicted by the simulation as observed in the experiment. 

 
Fig. 4: Failure initiation and evolution in experiment and simulation of MPT hemispherical (left) 

and MPT shear (right) with implemented Hosford-Coulomb failure model 
Fig. 5 shows the comparison of the simulated force-displacement curves with the 

experimentally determined values for the MPT shear and MPT hemispherical. For the MPT shear, 
the system response agrees well, especially the initial stiffness. The failure time is also predicted 
accurately. The discontinuous course can be optimized by decreasing the mesh size thus also 
stabilizing the contact. The deviation of the maximum force may be due to the lack of material 
softening effect in the model. Furthermore, this can be accounted to the use of a quadratic von 
Mises yield criteria, which overestimates the yield stress under shear for aluminum materials [24]. 

In the case of MPT hemispherical, the progression is essentially the same. However, a small 
offset of the force values can be seen, which is compensated for at the end of the curve. 

The time of failure agrees well with the experimental curve. Based on these results, the 
calibrated and implemented failure model is verified and can be applied for further tests. 
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Fig. 5: Comparison of force-displacement curves between experiment and simulation of MPT 
shear and MPT hemispherical with implemented Hosford-Coulomb failure model 

Summary and Outlook 
In this study, a calibration method of failure models for the simulation of clinching was presented 
based on a modified punch test. Based on experimental tests and corresponding simulation models, 
failure-relevant data for an aluminum material were transferred into three different failure models 
and calibrated. The Hosford-Coulomb model was found to be highly predictive and is 
recommended for damage prognosis in clinching processes. The calibrated model was 
implemented in the simulations and verification was performed by comparing the failure behavior 
and force-displacement curves from experiment and simulation of the modified punch tests. The 
modified punch test proved helpful, because it allows a detailed observation of the failure initiation 
and allows the application of different relevant stress conditions in the sheet metal material. 

For future investigations, even more variations of punch and die geometry of the punch test will 
be considered to cover additional stress conditions and to calibrate the model more accurately. 
Moreover, the material model will be extended by a non-quadratic yield criteria as well as material 
softening due to ductile damage using gradient-enhancement for proper regularization. Finally, the 
failure model will be implemented in clinching process models in order to accurately represent the 
damage and failure behavior during the joining process as well as during the loading phase.  
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Abstract. The increasingly high standards required in sheet metal forming industry, both 
geometrical and aesthetical, lead to continuous search of solutions to control the metal sheet flow 
during deformation. As alternative to traditional draw beads or hydraulically controlled segmented 
dies, the possibility of locally varying the material tangential speed by adapting the surface 
tribology at the interface between the blank and the blank holder represents a still unexplored 
scenario. The paper presents the feasibility analysis of the use of magneto-rheological (MR) fluids 
as lubricants in stamping, exploiting their ability to vary their rheological behaviour in response to 
external magnetic fields. To this aim, a new strip drawing test bench was developed to investigate 
the friction behaviour of MR fluids under different magnetic fields. The cold stamping of DC05 
steel sheet was taken as reference case to investigate the influence of typical process parameters 
such as contact pressure, sliding speed and magnetic field. 
Introduction 
Magneto-rheological (MR) fluids are materials capable of reacting to applied magnetic fields by 
reversibly modifying their rheological behaviour and, typically, this change is manifested by an 
increase in the yield stress as an applied magnetic field increases [1]. MR fluids are basically made 
of three elements: the carrier fluid, iron particles and the stabilizing additives. The iron particles 
are dispersed in the carrier fluid and, if exposed to a magnetic field, they are aligned in chain 
structures that determine an increase in yield and a consequent greater resistance to wall-sliding in 
case of laminar flow. The additives are introduced to control the viscosity, the settling rate and the 
friction between the particles and avoid the thickening of the MR fluid after a defined number of 
off-duty cycles [2]. 

A review of the scientific literature reveals that MR fluids are mainly used in dampers for 
vibration control in civil structures [3], and automotive semi-active components, such as 
suspensions [4, 5], brakes [6], clutch [7] and differentials [8]. Despite their versatility and 
adaptability, MR fluids have seen few applications in metal forming, most of them related to the 
development of damping devices or actuations. In [9] MR fluids are applied to overcome the 
reverse load phenomena in blanking [9], while in [10] the same Authors demonstrate the possibility 
of enhancing the surface quality of the sheared surface in the final part. With regards to the 
capabilities of damping the dynamic phenomena, an MR device is implemented in turning of hard 
materials to suppress the cutting tool vibration, making the system stable and free from 
regenerative effect of the cutting process [11]. Moreover, MR dampers demonstrated their 
performances in reducing chatter phenomena during the cutting of thin-floor parts [12] and, 
consequently, improving the surface integrity of the final surfaces. With regards to deep drawing, 
a commercial MR damper was implemented in [13] and tested experimentally to retain constant 
the blank holder force during the process, defining the control system and his performance 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 281-288  https://doi.org/10.21741/9781644902417-35 

 

 
282 

characteristics, in terms of response time and force errors. Recent studies proposed novel control 
algorithms [14, 15] capable to adjust the blank holder force with respect of the sheet draw-in to 
control the material flow. 

The present paper aims at presenting a new approach for the control of the material flow in deep 
drawing, by using the MR fluid as lubricant and controlling the friction behaviour at the interface 
between the blank holder and the part. The effect of the tribological characteristics of the MR fluid 
was investigated by using a novel apparatus specifically designed and manufactured to exert 
different magnetic fields and evaluate the friction coefficient. The paper is organized into four 
parts: the former presents the characteristics of the selected MR fluid and the materials properties 
for both metal sheet and dies. The second part deals with the description of the magnetic tool 
design and numerical analysis to evaluate the magnetic field exerted to the MR fluid. The third 
part describes the overall experimental apparatus and the experimental plan. Finally, the last 
section presents the results of the experiments. 
Material 
The MR fluid selected for the test is the ARUS AMT-SMARTEC+®. It is a synthetic-based fluid 
with high yield strength to take up heavy loads and dissipate the energy with minimal consumption 
of power. The principal nominal characteristics are reported in Table 1. 

Table 1. Properties of ARUS AMT-SMARTEC+®. 

Viscosity (Pa*s) at 40 °C, calculated as sloop between 0-1200 s-1 0.37 
Density (g/cm3) 2.90 

Solid content by weight (%) 81 
Yield shear stress (kPa) at 140 kA/m 69 

Operating temperature range (°C) -20 - 150  
Flash point (°C) > 180 

Table 2. Nominal chemical composition of AISI 1040 steel. 

Chemical compositions in wt% 

C Si 
(max) 

Mn P 
(max) 

S 
(max) 

Cr 
(max) 

Ni 
(max) 

Mo 
(max) 

0.37 - 0.44 0.40 0.50 - 0.80 0.045 0.045 0.40 0.40 0.10 

The punch was manufactured by using quenched AISI 1040 steel, which has a nominal surface 
hardness of 210 HB. Table 2 report the nominal chemical composition of the AISI 1040 steel while 
Fig 1a) and Fig. 1b) show the punch geometry. During the tests, the punch was in contact with the 
specimen through the active area, whose has an extension of 500 mm2 (20 x 25 mm2 surface). The 
active area was measured by means of an 3D surface profilometer to quantify the surface 
roughness. The profilometry of the measured area is reported in Fig. 2a), giving an average surface 
roughness Sa of 0.100(±0.012) μm. 

The material of the specimen was the DC05 grade steel provided in 1 (±0.05) mm thick sheet, 
which is a low carbon steel commonly used in deep drawing processes. The chemical composition 
of the DC05 grade steel is summarized in Table 3, while Fig. 1c) shows the specimen geometry. 
The punch was made to slide in the central part of the testing zone, which was measured by a 3D 
surface profilometer, returning an average roughness Sa equal to 1.256 (±0.008) μm. The 
profilometry of the sheet surfaces is reported in Fig. 2b). 
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Fig. 1. Punch and specimen geometries: a) punch front view; b) punch plant view; c) specimen. 

 
Fig. 2. Punch and specimen surface topographies: a) punch topography; b) specimen 

topography. 
Table 3. Nominal chemical composition of the DC05 grade steel. 

Chemical compositions in wt% 

Si 
(max) 

Mn 
(max) 

P 
(max) 

S 
(max) 

0.06 0.35 0.025 0.025 

Table 4. Nominal chemical composition of the AISI 1015 steel. 

Chemical compositions in wt% 

C Si Mn S (max) P (max) 

0.13 – 0.18 0.15 – 0.35 0.30 – 0.60 0.045 0.045 

Magnetic die 
With the aim to expose the MR fluid to a controllable magnetic field, the die was designed and 
analyzed by means of ANSYS Maxwell software to evaluate the amplitude of the magnetic field 
H, which interests the MR fluid, see Fig. 3a). 
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It was made of a die base in annealed AISI 1040 steel on which a groove was manufactured. 
Tree magnetic cores with winding coils were mounted on the groove to produce the magnetic field 
when the winding coils are excited by an input current. The magnetic cores were manufactured in 
annealed AISI 1015 steel, whose chemical composition is reported in Table 4, while the winding 
coils were made of 70 turns each of enameled copper wire with a nominal diameter of 1.5 mm. 
The sheet specimen was mounted on the magnetic die and fixed with the blocker plate. The blocker 
plate used to fix the specimen during the test acted as a pool for the MR fluid. The blocker plate 
was manufactured in non-magnetic AISI 304 steel, to concentrate the magnetic field in the 
magnetorheological fluid volume. 

Fig. 3b) and c) show the magnetic field distribution in the MR fluid along the longitudinal 
direction, for an input current respectively of 2.5 A and 5 A. The contour plots reveal an almost 
horizontal iso-line distribution of the magnetic field, with the higher values near to the surface of 
the specimen. 

 
Fig. 3. Numerical model of the magnetic die and result: a) geometry implemented in ANSYS 

Maxwell; b) contour plot for an input current of 2.5 A; b) contour plot for an input current of 5 
A. 

Experimental 
Fig. 4a) shows the overall experimental equipment, while Fig. 4b) reports a magnification of the 
magnetic die mounted on the equipment and connected to the power supply. The normal force FN 
exerted by the punch was applied with a screw mechanism that embedded a piezoelectric load cell 
to monitor the normal pressure acting on the specimen. 

During the test, the strip-sheet was fixed on the magnetic die and is made to slide against the 
punch. The sliding movement was transmitted to the carriage by using an electric actuator. The 
carriage is mounted on a linear roller guide with a negligible rolling friction coefficient, to avoid 
any disturbance in the tangential force FT measurements. A load cell was mounted between the 
electric motor and the carriage to measure the tangential force FT. The magnetic die was clamped 
on the carriage by means of a non-magnetic steel table, to avoid leakage of the magnetic field lines 
in the carriage material, hence enhancing the magnetic field applied to the MR fluid. 

A dedicated power supply excited the winding coils of the magnetic dies with a maximum 
current of 5 A, which correspond 7.5 V.  

Table 5 shows the experimental plan and the ranges of experimental parameters, namely normal 
pressure, sliding velocity and input current. 
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Fig. 4. Experimental equipment: a) overall view; b) detailed view of the magnetic die. 

Table 5. Experimental plan for the strip drawing test 

Normal pressure 
(MPa) 

Sliding velocity 
(mm/s) 

Input current 
(A) 

Repeatability 
(-) 

1, 5 5, 20 2.5, 5 3 

Result and discussion 
The coefficient of friction was calculated by using the Coulomb equation μ = FT/FN where FT and 
FN are respectively the tangential and normal forces measured by the embed piezoelectrical 
sensors. 

Fig. 5 shows the experimental values of the friction coefficient with respect to the measured 
stroke for the investigated values of current, normal pressure and sliding velocity. The diagrams 
show an initial transit behavior for the first part of the stroke, then the coefficient of friction became 
stable after 10 mm. The exception is given in Fig. 5b), whereas the transit zone exceeds the first 
part of the stroke and the values of friction coefficient stabilize in the final part of the stroke. When 
the winding coils are powered with the input current, and the magnetic field is applied to the 
magnetorheological fluid, the coefficient of friction decreases from the initial values. 

Fig. 6 shows the results of the friction coefficient according to the test parameters investigated 
in the experimental campaign. In the case of a sliding speed equal 5 mm/s and a normal pressure 
of 1 MPa the coefficients of friction are larger than the corresponding values investigated for a 
contact pressure of 5 MPa. For a normal pressure of 1 MPa, the coefficients of friction were 
respectively 0.294 (±0.021) at 0 A, 0.273 (±0.020) at 2.5 A, and 0.238 (±0.015) at 5 A. Rising the 
contact pressure up to 5 MPa, the coefficients of friction decrease to 0.280 (±0.017) at 0 A, 0.245 
(±0.013) at 2.5 A and 0.215 (±0.016) at 5 A. 

Regarding the test conducted with a speed of 20 mm/s, the tests reveal an opposite trend, with 
the highest friction coefficients in the case of contact pressure of 5 MPa. For a normal pressure of 
1 MPa, the coefficient of friction ranges from 0.258 (±0.016) for a null input current, 0.220 
(±0.019) in the case of an input current of 2.5 A and 0.198 (±0.019) for an input current of 5 A, 
while, in the case of a contact pressure of 5 MPa, the coefficient of friction is equal to 0.266 (±0.01) 
for a null current, 0.243 (±0.015) for a current of 2.5 A and 0.230 (±0.018) for a maximum current 
of 5 A. In these cases, the increase in the coefficient of friction is sharper for the contact pressure 
of 1 MPa, while, arising the contact pressure to 5 MPa, the coefficient of friction remains almost 
constant for 0 and 2.5 A, then decrease with a maximum input current of 5 A. 
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Fig. 5. Coefficient of friction vs measured stroke diagrams: a) 5 mm/s – 1 MPa; b) 20 mm/s – 1 

MPa; c) 5 mm/s – 5 MPa; d) 20 mm/s – 5 MPa. 

 
Fig. 6. Coefficient of friction values: a) at sliding velocity of 5 mm/s; b) at sliding velocity of 20 

mm/s. 
Finally, it is worth to notice how in both cases, higher values of applied DC led to lower COF. 

This can be related to the greater intensity of the magnetic field generated by higher DC, aligning 
the ferromagnetic particles dispersed in the ferrofluid with the magnetic lines, thus hindering the 
fluid flow between the tool and the sheet when the normal pressure is applied. In this way, the 
greater amount of lubricant at the interface can decrease the relative COF.  
Conclusions 
The present study aims at investigating the feasibility of using MR fluids as lubricants to vary the 
coefficient of friction in deep drawing. Moreover, by controlling the coefficient of friction 
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becomes possible to adjust the restrain force on the blank during the draw-in. With this objective, 
a magnetic die was manufactured and installed in a strip drawing test equipment to apply 
controllable magnetic fields to the magnetorheological fluid. 

To quantify the effects of the magnetic field on the MR fluid, the magnetic die was modeled in 
ANSYS Maxwell software. Two values of input current – respectively of 2.5 A and 5 A – were 
considered in the numerical analysis, to reproduce the test parameters. 

From the experimental activities it was observed the dependency of the friction coefficient on 
the sliding speed and contact pressure. For the tests conducted at low speed, namely 5 mm/s, the 
coefficients of friction values were higher in the case of contact pressure of 1 MPa. The higher 
value equal to 0.294 was measured for a null current, and then it decreased as an input current was 
applied to the magnetic circuit, ranging to 0.273 and 0.238 respectively for an input current of 2.5 
A and 5 A. By increasing the contact pressure up to 5 MPa, the values of the coefficient of friction 
became smaller. The coefficient of friction changed from 0.280 for a null current to 0.245 and 
0.215 when a current of 2.5 A and 5 A was applied to the circuit. For the tests conducted at higher 
speed of 20 mm/s, the trend was opposite, with the lowest value in the case of contact pressure of 
1 MPa. In this case, the coefficient of friction was equal to 0.258 for a null current, then increase 
to 0.220 and 0.2198 for input current of 2.5 A and 5 A. As the contact pressure was raised up to 5 
MPa, the coefficient of friction was equal to 0.266 for a null current, 0.243 for an input current of 
2.5 A and then decrease to 0.230 with a maximum input current of 5 A. 

The results highlight a positive effect of a more intense magnetic field applied by increasing 
the coils supplied DC. A greater intensity of the applied magnetic field seems to hinder the 
lubricant flow under the dies improving the lubrication effects. Such results seem to open new 
possibilities for the in-process control of the sheet draw in applied to cold stamping processes.  
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Abstract. Due to their approximately hyperelastic properties, elastomers are suitable as a material 
for forming tools with extended forming capabilities. In this work, the use of two elastomer 
punches for manufacturing undercuts in sheet metal forming is performed experimentally for a 
demonstrator component. Since the manufacturing process does not require the use of cam slide 
units, it is aimed at rapid prototyping and small batch applications with the goal of reducing tooling 
cost and complexity. Additionally, the prediction accuracy of the elastomer tool deformation 
during forming was investigated in a finite element model of the manufacturing process. For 
comparison with the experimental implementation, punch force measurements and in-process 
optical strain measurements with a stereo camera system were carried out. 
Introduction 
The manufacturing of components with undercuts by sheet metal forming leads to challenges 
during the development of the tool concept. Forming operations that do not coincide with the 
direction of movement of the press ram are required. To perform such operations in industrial 
applications, cam slide units are used to deflect the direction of movement [1]. To enable the 
removability of the workpiece from the rigid tool after the forming step, they are commonly 
equipped with return springs [2]. As a design principle to keep costs and complexity low, the use 
of a minimum number of cam slide units for progressive forming and cutting operations is aimed 
at [2]. As an alternative approach to further reduce the number of cam slide units required, the 
formation of an undercut by reversible deformation of a punch made of an elastomer material is 
analysed. To prove the functionality of this approach, forming of an undercut without cam slide 
units is numerically evaluated and experimentally shown on a demonstrator component. This 
procedure is particularly aimed at prototypes, small batches and multiple variant designs. 
State of the art 
Current applications of elastomer tools in sheet metal forming. As alternatives to deep drawing 
with a rigid punch and a rigid die, DIN 8584-3 classifies deep drawing with a flexible punch and 
deep drawing with a flexible pad [3]. Known advantages of both approaches compared to tools 
made of steel are a cost-efficient and fast production of the tool components, a lower effort for the 
tool machining as well as a high achievable surface quality with no tool marks [4]. The 
disadvantages are an increased force requirement due to the additional deformation of the 
elastomer as well as the higher wear of the elastomer components [4]. Due to these properties, 
combinations of elastomer and rigid components are already widespread in industrial applications 
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for the production of small batches. Elastomer materials commonly used for this purpose are often 
polyurethane-based due to their chemical resistance to the lubricants used in forming as well as 
their mechanical wear resistance, e.g. by [5]. For the Shore A hardness, values in the range 50 to 
90 are common, e.g. by [5], [6] and [7]. The high achievable elastic elongation of polymer 
materials can be used to realize extended shaping possibilities. For example by [8], the design of 
two tool concepts is shown in which an elastomer punch is used to bulge a tubular part geometry. 
Another recent field of research is the development of elastomer forming tool components for the 
production of bipolar plates [9, 10]. 

Numerical simulation of elastomers under mechanical load. In order to be able to predict the 
material flow of the elastomer components during the development of the tools, the achievable 
accuracy of the numerical process simulation models is essential. Hyperelastic material models 
based on a strain energy density function are usually applied to model the material behaviour of 
elastomers. Examples of approaches implemented in widely used numerical simulation programs 
are the models according to Mooney-Rivlin [11], Valanis-Landel [12], Ogden [13] and Arruda–
Boyce [14]. Furthermore, detailed modelling approaches for the friction in the contact between 
elastomer tool and sheet metal have been developed in [15] and [16]. For the comparison between 
numerical process simulation and real process, the distribution of the strains in the manufactured 
sheet metal components can be carried out by an optical deformation analysis [17]. 
Approach 
A transfer of the principle used in tube bulging [8] to sheet metal forming for the locally defined 
formation of undercut features in the manufactured part is investigated. The approach is 
implemented experimentally for a demonstrator geometry. For this purpose, a symmetric undercut 
is formed in a pre-bent hat-shaped profile. With rigid tools, numerical models for the design of 
forming processes have already reached a high degree of maturity. In order to similarly test the 
usability for the design of the presented manufacturing of undercuts with elastic tools, a numerical 
model of the manufacturing process was created using the finite element method. The comparison 
of simulation and experimental implementation is performed by an optical stereo measurement of 
one side of the punch surface during the forming of the undercut. Complementary to [17], it is not 
the plastic strains in the finished sheet metal component that are observed here, but the elastic 
strains in the elastomer punch during the process. 

Structure of the forming tool. To implement the forming of the demonstrator geometry, the tool 
concept shown in Fig. 1 was designed and manufactured. This forming tool was integrated into a 
tensile-compression testing machine, AllRound Line Z 150 Zwick Roell, Ulm, Germany, with a 
maximum force of 150 kN. As a semi-finished product, a hat-shaped profile  is placed in the 
active element of the die . Subsequently the elastomer punch  is inserted. By screwing the 
blank holder  to the die cavity , a restraining force can be applied to the flange of the sheet 
during subsequent forming. The vertical downward movement of the upper steel punch 
component  results in a compressive load on the elastomer punch. A constant value of 5 mm/min 
was set as the speed of the upper steel punch in the experiments. The design of the manufacturing 
process is based on the fact that the Poisson's ratio of the applied elastomer material has a value 
close to 0.5. Thus the volume of the elastomer remains approximately constant under compressive 
load. Therefore, compression leads to lateral deflection of the elastomer, which results in the 
formation of an undercut in the vertical section of the hat-shaped profile. The springback of the 
elastomer to the initial configuration occurring during the subsequent upward movement of the 
punch enables the removal of the component. The open front side can optionally be closed with a 
transparent pane , which ensures that observability of the process is maintained. 
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Fig. 1: Forming tool for forming of hat-shaped undercuts. 
Preparation of the hat-shaped profile and the elastomer punch. The semi-finished geometry of 

the hat-shaped profile was bent on a Blech-Tec, Sauerlach, Germany, BT500 machine. 
DX56+Z100 with a sheet thickness of 0.8 mm and a non-grain oriented electrical steel sheet with 
a sheet thickness of 0.27 mm were used to test the suitability of the forming process for different 
materials and sheet thicknesses. Two different approaches were chosen for the creation of the 
elastomer punches. In the first approach, polyurethane with a Shore A hardness of 90 is cured 
through polyaddition of liquid two-component precursors. These are mixed and filled into a two-
part mold of the punch. The mold was previously manufactured using the fused deposition 
modeling (FDM) process from polylactide (PLA) material. To reduce air inclusions in the 
elastomer, the polyurethane rubber is placed in a vacuum desiccator before curing and evacuated 
to 0.4 bar. In the second approach, additive manufacturing of the punch consisting of a rubber-like 
resin was carried out by photopolymer-based stereolithography (SLA) on an 
Anycubic Photon Mono X. Cleaning with isopropanol and subsequent curing with UV light were 
necessary as final manufacturing steps for the component generated by this method. As shown in 
Fig. 2, this punch contains a central opening to demonstrate the expanded shape capabilities of the 
direct additive manufacturing approach. Partial support structures, which could easily be removed 
manually afterwards, were required for creating the opening. 

 
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Fig. 2: Elastomer punches after preparation for the stereo camera measurements. 
Sensor technology for comparison with the simulation model. The force acting on the steel 

punch and the displacements in the elastomer punch component are defined as criteria for 
evaluating the prediction accuracy of the simulation model. For comparison with the physical 
process, a load cell in the testing machine is used to determine the punch force versus the vertical 
punch position. A stereo camera system can be used to record the displacements during forming 
on the openly accessible front side of the elastomer. The GOM Aramis SRX system was used for 
this purpose with a frame rate of 1 Hz. For the preparation of the elastomers, a white colour base 
layer and a black stochastic dot pattern are coated on the front side of the punch, as shown in Fig. 2. 
From the acquired images, the strains in the marked area are calculated using Digital Image 
Correlation (DIC). 

Structure of the simulation model. A numerical model of the manufacturing process was created 
in LS-DYNA using a Lagrangian finite element formulation as shown in Fig. 3. Following an 
explicit forming step, an implicit step was performed to calculate the springback of the sheet. Both 
the DX56 sheet and the electrical sheet were discretized by shell elements. For the modelling of 
the plastic material behaviour with the Hill48 model, data from previous tensile tests were 
available. For the non-linear stress-strain relation of the two elastomers, the hyperelastic material 
model according to Mooney-Rivlin (MAT_027 [18] in LS-DYNA) was used. The vertical punch 
movement during forming results predominantly in compressive stresses in the elastomer punch. 
Thus, for parameterization of the material model compression tests were carried out with the two 
materials on a Zwick Roell tensile-compression testing machine. Cylindrical specimens, produced 
under the same manufacturing conditions as the two elastomer punches, were used for this purpose. 
The resulting parameter values for MAT_027 are shown in Tab. 1, including the two empirically 
determined material constants of the Mooney-Rivlin model referred to as A and B. 

 
Tab. 1: Shore A hardness and parameter values for the hyperelastic material model. 

 Shore A 
hardness 

Mass density 
[g/cm3] Poisson’s ratio Constant A Constant B 

SLA 
material 95 1.1 0.495 4.82 -0.59 

Polyureth
ane 90 1.0 0.495 4.63 -0.72 

Elastomer punch 
(Polymerisation of 
Liquid Precursors) 

Markings for the 
stereo camera 
system 

Elastomer punch 
(SLA) 
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Fig. 3: Numerical simulation model of the forming process: Isometric view (a), front view with 

punch in top dead centre (b) and bottom dead centre position (c). 
Results 
Manufacturing of the demonstrator geometry with undercut. For both sheet materials investigated, 
the formation of a symmetrical undercut in the vertical section of the top hat profile was achieved 
with both of the punches. The resulting final part geometry after springback is shown in Fig. 4 for 
the DX56+Z100 sheet. A maximum overlap of 7 mm with the DX56 and 11 mm per side with the 
electrical sheet were achieved for the formed symmetrical undercut geometry. Compared to the 
initial width of the vertical sheet section of 30 mm, this corresponds to an increase in width of 
47 % for the DX56 specimen and 73 % for the electrical sheet. In the bottom dead centre position, 
both punches were compressed by 20 mm. For the SLA-generated punch, this resulted in a 
maximum principal strain of 43.6 % measured by the stereo camera system. For the springback 
during the load release phase, both elastomers exhibit a viscoelastic behaviour. As shown in the 
image taken by one of the stereo cameras in Fig. 5, the elastomer punch does not follow the upward 
steel punch movement instantaneously. Instead it takes approximately 60 s for both punches to 
return to the initial geometry. To assess the durability of the tools, ten process repetitions were 
carried out. Neither significant wear on the two punches nor negative effects on the repeatability 
of the final sheet geometry were observed. 

   
Fig. 4: Cross section of the resulting demonstrator Fig. 5: Stereo camera image                               
geometry after springback (DX56+Z100).  taken during the load release phase. 

Comparison of the simulation model with the experimental implementation. Delamination of 
the colour coating occurred during forming at higher deformations for the punch produced by 

Steel Punch 

DX56 Sheet 

Blankholder Die 

SLA Punch 

a 

c b 

10 mm 10 mm 
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polymerisation of liquid precursors. Therefore, the comparison of simulation and measurements is 
performed for the SLA punch. For this configuration, the numerical model calculated stably up to 
reaching the lowest punch position examined in the experiment at a vertical displacement of -
20 mm. As the first comparison criterion, the measured horizontal and vertical displacements in 
bottom dead centre position are shown in comparison to the simulation model in Fig. 6. An 
indication of the accuracy of the stereo camera measurements is the symmetry of the results. The 
numerical model shows the horizontal bulging of the elastomer. In addition, the formation of the 
upper two corners of the punch is predicted. 

 

 
Fig. 6: Displacements (horizontal and vertical component) on the elastomer front side: 

calculation in the FEM simulation model and in-process measurements in the bottom dead 
centre position for the SLA-manufactured punch. 

As the second comparison criterion, calculated and measured punch force - displacement curves 
are shown in Fig. 7. The initial height of the SLA punch was 40 mm. Up to a displacement of 
10 mm, a good prediction accuracy of the simulation model is obtained. For larger deformations, 
the deviations increase. Further mesh refinement as a possible measure to increase the accuracy at 
high strains leads to a significant increase in the calculation time for the comparatively small 
elastomer punch. This would contradict the planned application goal of tool development for rapid 
prototyping applications. The main proportion of the force results from the deformation of the 
elastomer and only minor differences were measured when the experiment was performed without 
an inserted plate. 

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5

horizontal displacement [mm]

Stereo Camera MeasurementsFEM Simulation Model
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Fig. 7: Punch force - displacement curves: calculation in the FEM simulation model and 

measurement in the forming process. 
Summary and Outlook 
The experimental results obtained on the demonstrator geometry show the practical applicability 
of mechanical compression of an elastomer punch for local forming of undercuts. Overlaps up to 
11 mm per side were achieved. Due to the almost complete springback of the punches to the initial 
configuration, removal of the parts from the forming tool set was made possible. The viscoelastic 
behaviour of the elastomer materials and the resulting time required for springback had a limiting 
effect on the achievable process times. However, this aspect often plays only a subordinate role 
for the intended application area of small batch production. Furthermore, the combination with the 
pre-bent hat-shaped profiles demonstrates the integration capability of the elastomer tools in multi-
stage forming processes. Thus, the possibilities for prototyping can be expanded as in the 
manufacturing sequence shown in combination with swivel bending. Both the polymerisation of 
liquid precursor components in an additive manufactured mold and the direct additive 
manufacturing by the SLA process proved suitable for the production of elastomer tool 
components. Potentials of the second approach are an increased freedom of shape of the tool 
components and a further reduction of tool development times by eliminating the mold 
manufacturing. 

The corresponding numerical process model shows stable behaviour despite the high strains in 
the elastomer during forming. Therefore it can be considered as an appropriate tool for simulative 
design and validation during the tool development. Both for the forces on the upper rigid punch 
component and for the in-process displacement measurements on the elastomer punch, there is 
good correlation up to punch displacements of 10 mm. For higher strains, the differences 
increased, especially for the predicted punch force. To further improve the agreement of the 
simulation and the experiment, more accurate models of the tribology between elastomer and sheet 
can be investigated. Space-fixed Eulerian meshing or the Element-Free Galerkin method can also 
be examined for applications with such high deformations of the elastomer in future work. 
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Abstract. The demand for biodegradable implants is increasing as their efficiency in reducing the 
number of removal surgery after the healing process. However, the fabrication of magnesium 
miniplate by microforming is still a challenge due to its mechanical properties at room temperature 
and the micro-scale of the implant’s product. In this research, ultrasonic vibration is used to 
improve the production quality of micro-forming magnesium. The fabrication of miniplate 
magnesium includes micro blanking, micro punching, and micro stamping processes. The 
progressive system is adapted into the tool due to the constraint of design complexity. The 
simulation was conducted to validate the tool design and microforming process. The result of this 
research is a complete set of tool designs that is capable to integrate with Ultrasonic Vibration 
Assisted Microforming (UVAM) for producing miniplate implants with desired quality and 
accuracy. Furthermore, micro punching and microstamping stress decreased by around 30% when 
assisted with Ultrasonic Vibration.  
Introduction 
Osteosynthesis with a miniplate is a recovery method for a fractured bone which is carried out by 
making a bond between the fractured parts to be strong enough to hold and help in rejoining the 
bones. Orthopedic implants usually use titanium as the common material for miniplate, however, 
magnesium is superior due to its dissolving ability, therefore no extra surgery to remove the 
implant after the healing process is needed [1]. On the contrary, the magnesium miniplate 
fabrication by microforming is hard to be carried out because the forces and pressures causing 
cracks and fractures, especially at room temperature. The microcracking can spread to the overall 
structure causing damage and influencing the implant properties.  

Currently, there have been researched regarding the ultrasonic technology that potentially can 
prevent and overcome the obstacles that exist in the character of magnesium. Ultrasonic Vibration 
Assisted Microforming (UVAM) embedded in the production system can help prevent cracking 
and produce a smoother surface roughness so that a more refined product is obtained with 
decreasing fracture rate and forming force [2], smaller grain and roughness [3]. In this research, 
the design of the tool for the miniplate manufacturing is done. The designing process will take 
account of the miniplate design, the constraints and the ability to be integrated with the UVA 
system, moreover the result will be simulated and analyzed on the stress reduction as expected. 
Design of Progressive Tools 
The designing of the tools will be conducted in few steps, starting from defining constraints, 
conceptual design, embodiment design and determining material of the components.  
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Defining constraints: Product Design (Miniplate) and Machine Capacity & Working Area. The 
design of the product that should be obtained is shown in Fig 1. By considering the product 
functional and micro dimension-tolerance size, the tolerance of the product design that should be 
achieved also very tight which also a major challenge to be considered on the tool design.  

The product is made of magnesium, in which the Ultimate Tensile Strength (UTS) is the main 
bottleneck quantified factor of forming. Magnesium has a very low density which make the 
product lightweight, however on room temperature, it is corrosive [4] and very brittle [5] which 
made it hard to form perfectly, especially in micro-scale with the high tendency to crack. The 
magnesium material structure features the Hexagonal Close-Packed (HCP) structure in which 
microcrack could happen with the mechanism discussed by Wang J et al. [6], Cauthen C et al. [7], 
Mordike et al. [8] that could be derived into more extensive crack in the structure overall. There 
are studies to optimize the forming process for magnesium, which includes the introduction of 
Ultrasonic Vibration Assistance to the microforming process. The assistance will help decrease 
the microcrack growth by less friction occurred and the thermal softening feature. 

Unit: millimeter 
Figure 1 Miniplate design 

The working envelope dimensions and capacity of the microforming machine should be taken 
into consideration when designing the tool with the ultrasonic vibration system integration. The 
microforming machine used in this study is the 5 kN microforming machine which was developed 
by the Manufacturing Laboratory, Department of Mechanical Engineering, Universitas Indonesia 
with an NX940MS-PS10-3 servo motor with a SCX10 motor controller as actuator. The tool 
together with UVA system will be mounted on the machine’s bolster. The maximum area opening 
is 105 mm in diameter and 229 mm in height. [9] 

Conceptual Design: Process Concept and the UVA System. Progressive tool system is chosen 
due to the complexity of the process. It is divided into two processes or strokes (illustrated in 
Fig. 2) to ensure the product quality and the process safety [9].  

a. Blanking process: the making of main structure of the miniplate. 
b. Punching with stamping: the making of four holes with chamfer 45°, resulting the product. 

 
Figure 2 Step-by-step forming process of miniplate 

The UVA research done by Hu et al. [2] and Liu et al. [3], analyzing the deformation of 
aluminum and copper material blanking process, shows that there is improvement on the surface 
roughness and smaller grain was achieved compared to the result without UVA, therefore similar 
UVA system is deployed in this research to analyze the differenced in quality and numerical effect. 
The same concept with the previous researches, including the determination of frequency and 
amplitude by the modal analysis to find the resonance frequency, moreover determine close-to-
resonance frequency to achieve maximized longitudinal direction wave travel. The number will be 
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differed by the different shape, load and vibration mode. In this case, the longitudinal waves will 
be deployed on the UVA system which structured in such way (Fig. 3) that the vibration is inducted 
fully to the tool. Several studies have shown that the application of ultrasonic vibrations to the 
microforming process can increase the ratio of smooth zone with a polishing effect, reduce surface 
roughness [3] and improve product quality due to the cutting mechanism and thermal softening 
caused by temperature rise [10] as well as reduce forming forces because the friction between the 
workpiece and the tool is reduced [2]. Manufacturing on a micro scale is not the same as on a 
macro scale because the ratio between the dimensions and the microstructure changes when the 
scale is lowered. This reduction effect is called the size effect [11]. The size effect can be 
characterized as a comparison of the macro geometry to the microstructure, surface topography, 
and lubrication conditions, as well as parameters such as flow stress, forming limit, ultimate 
shearing strength, fracture, and roughness.[12] 

Without the UVA, there will be more stress occurred during the process, especially on its peak 
which very potentially caused microcracking on magnesium material while will not be noticed 
happening during the process. The UVA system is expected not only to have impact on the forming 
force and stress or pressure, but also improve the product burr. 

The UVA system deployed is the single longitudinal transducer with four stacks of piezoelectric 
ring clamped between the upper mass and lower mass which ensuring the vibration is channeled 
to the tool or punch that clamped to the lower mass, in this case, the Ultrasonic Vibration will work 
on the same axis of the forming process as seen illustrated on Fig. 3. The tool is attached to the 
UVA system perfectly, thus the vibration could be inducted completely without disturbance. 

The designated UVA is integrated with the travel of tool set in the microforming machine, in 
which the wave occurred is the up and down travel on the main tool travel direction (moving down 
towards the die), therefore the UVA will move the tool set move back in negative and forward in 
positive in respect of the main travel axis along the process of machine movement in the main axis 
(tool set towards die), while without the UVA, the tool set will simply travel down towards the die 
according to the machine setting. Basically, with the UVA, by the ultrasonic wave, there will be 
enormous counts of tool-workpiece contacts, therefore causing heat for thermal softening, while 
also decrease the friction between the tool and workpiece, therefore the process become the 
multiple-micro-punch process, as if the accumulation of the sequence will spread the energy 
throughout the contacts and thus decrease the peak stress.  

The use of UVA must follow the specified specifications, such as the frequency and amplitude 
determined by the simulation and trials so that the result should be obtained with no microcrack 
and burrs, which also being decreased in grain and roughness on the produced miniplate compared 
with without UVA, however the specific measurement is yet to be determined. The whole tool 
system with the UVA is illustrated in Fig. 3. The UVA will be activated throughout the whole 
process to ease difficulty in integrating ultrasonic timing and manufacturing procedure complexity. 

 
Figure 3 Tool System with UVA 

Embodiment Design: Punches, Dies, Strippers and the materials. The detail design consists of 
components that build the whole tool system, which mainly including punch and dies [13]. The 
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designing of the punch requires accuracy, functionality, and appropriate strength for each process. 
(illustration on Fig. 4) 

a. Blanking process: the geometry is adapted from the main structure of the product design 
as it is the process of making the main structure, also including the dimension with 
subtraction adjustment of the clearance (around 10 µm). 

b. Punching and stamping process: the geometry is adapted from the hole of product design 
with the slope in the stamping process, also including the dimension with summation 
adjustment of the clearance (around 10 µm).  

   
Figure 4 Punches Design, for punching (left) and blanking (right) 

The punches also need to follow designing requirements, such as the maximum length (𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚) 
according to the Eq. 1 as follows [14] 

 

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 =  𝜋𝜋𝜋𝜋
8
�𝐸𝐸𝐸𝐸
𝑆𝑆𝑆𝑆

                             (1) 

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚  : maximum length permitted [mm] 
𝑑𝑑   : diameter [mm] 
𝐸𝐸   : modulus elasticity of the workpiece material [MPa] 
𝑆𝑆  : shear stress of the workpiece material [MPa] 
𝑡𝑡   : thickness of workpiece material [mm] 
𝑑𝑑
𝑡𝑡

= 1.10 minimum 
 
The design of the punches made is far from the limitation calculated from the maximum length, 

therefore fulfil the design fundamental. 
The designing of the dies is done according to the system of the punch, as well as the strength 

for the functionality and the accessibility aspect, also including the adjustments of the clearance 
(around 10 µm). In this case the slot for the main structure to fall in the blanking process and the 
final product to be able to be taken from the dies slot. The thickness is also determined by the 
usability for handling the punching process and the material used for the punch and the dies itself. 
(illustration on Fig. 5) 

 
Figure 5 Dies Design 

Polyurethane stripper is used for the design, aiming for releasing the scrap and workpiece from 
the punch, therefore the flexibility and forces are adjusted according to the constraints. 

For the materials, plates, pins and the ring settings will be using S45C, while the punch and dies 
will be using SKD11 and stripper from polyurethane with respective properties as on Tab. 1. 
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Analysis 
Calculation on Forces and Pressure. The shearing force for blanking and punching processes 
(𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑖𝑖𝑖𝑖𝑖𝑖) follows the Eq. 2 [14], 
 
𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐿𝐿 × 𝑇𝑇 × 𝜎𝜎 =  𝐿𝐿 × 𝑇𝑇 × (0.7 ×  𝑈𝑈𝑈𝑈𝑈𝑈)  (2) 
 

while for stamping process (𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) follows the Eq. 3. 
 
𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1

√5
 × 𝑈𝑈𝑈𝑈𝑈𝑈 × 𝐴𝐴  (3) 

𝐿𝐿   : punching perimeter [mm] 
𝑇𝑇  : workpiece thickness [mm] 
𝜎𝜎  : workpiece material shear strength [MPa] 
𝑈𝑈𝑈𝑈𝑈𝑈  : Ultimate Tensile Strength [MPa] 
𝐴𝐴   : cross-section area [mm2] 

The resistant force by the stripper (𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) also accounts for the total force: [14] 
 
𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐸𝐸.𝐴𝐴.∆𝐻𝐻

𝐻𝐻
                            (4) 

𝐸𝐸  : modulus elasticity of urethane [MPa] 
𝐴𝐴  : cross-section area [mm2] 
∆𝐻𝐻  : change of height [mm] 
𝐻𝐻 : initial height [mm] 
 
Following the equations, the blanking force including the striping force require around 3890 N, 

while punching and stamping of four holes approximately 1880 N and 2205 N respectively. The 
total forces for every process, blanking, punching and stamping with respective striping, have to 
be designed as progressive system as the compound system not only the complexity issue, but also 
the constraint of maximum force could be exerted by the machine (5000 N), while the compound 
system require at least 5770 N of force. Thus, the two-stroke process (progressive system) is 
chosen, besides the complexity of the design. 

Stress Analysis and Buckling Simulation.The stress analysis and the buckling simulation is 
done using the Finite Element Analysis (FEA) software according to the maximum machine 
capacity force (5 kN) in actual dimension. The result (as seen in Fig. 6) is shown by color indicator 
for the stress distribution, from the lowest stress in blue and highest in red, in which on the punch 
(blanking on the left and punching on the right) have its highest stress on the red pointed spot and 
mostly focused on bottom part or the section in which will in contact with the workpiece. The same 
trend occurs to the die, in which the contact sections are the high stress area. The highest stress 
analyzed is around 1464 MPa (on the die) which is lower than the SKD11 material yield strength 
on the 1650 MPa. Therefore, with the maximum machine capacity of 5kN is still safe for usage in 
the SKD11 material (no buckling will occur).  
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Figure 6 Stress analysis on the punches (left) & die (right) 

Explicit Dynamic Simulation on the Tool. The explicit dynamic simulation is done using the 
Finite Element Analysis (FEA) software, simulating punching and stamping processes (stroke 2), 
done by the punch move towards the workpiece and die, with and without the Ultrasonic Vibration 
Assistance (UVA) at frequency of 37.8 kHz and amplitude of 2.5 µm, that were determined by the 
modal analysis and harmonic response of the whole system, with several adjustments strategy for 
the runtime such as the time scaling, meshing and erosion control. The material mode used in the 
simulation is as shown in Table 1. On the meshing strategy, it is determined by the smallest 
dimension tolerance or the smallest unit of the dimension for the focused part (die and punch) and 
rather large for only functional part (stripper), which is indicated on the simulated model (Fig. 7), 
while erosion control is retain default as it is not significantly effecting on the simulation process 
and time scaling is determined by 10 times faster. The simulation setting strategy is made for 
accuracy of the result as well as the simulation running time. The simulation was done only on one 
hole (the model shown as section view in Fig. 7) which already sufficient for substituting the whole 
process (half part equal substitutes) and the materials properties are shown in Table 1. The result 
will be shown in graph which value figures of one hole as it is similar in every hole, moreover the 
blanking process is also much more simple and lower in case of force and stress value, therefore 
is also considered substituted by the punching and stamping processes. In the simulation, the force 
and the stress data in the three processes that occurs on the miniplate is taken to be analyzed for 
both with and without assistance of Ultrasonic Vibration. 

 
Figure 7 Section View of the simulated model with the meshing description 

Table 1 Model Materials Properties for Simulation 
SKD11 [15] Magnesium [16] 

Properties Johnson-cook Strength Properties Steinberg-Guinan Strength 
Density (ρ, kg/m3) 8400 Initial yield stress (A, MPa) 1766 Density (ρ, kg/m3) 1780 Initial yield stress (MPa) 190 
Modulus of elasticity (E,GPa) 208 Hardening constant (B, MPa) 904 Specific heat (J/kg°C) 999 Maximum yield stress (MPa) 480 
Poisson ratio  0.3 Hardening exponent (n) 0.39 Shear modulus (GPa) 16.5 Hardening constant (B) 1100 
Bulk modulus (GPa) 173 Strain rate constant (C) 0.012   Hardening exponent 0.12 
Shear modulus (GPa) 80 Thermal softening exponent 3.38   Derivative dG/dP G’P 1.6995 
Thermal conductivity (W/m.k) 20.5 Melting temperature (K) 1733   Derivative dG/dT G’T -8.4E+6 
Thermal expansion (m/m.k) 11     Derivative dY/dP Y’P 0.0196 
Specific heat (J/kg°C) 461     Melting temperature melt (°C) 876.85 

Polyurethane [17] 
Properties Principal Stress Failure 

Density (ρ, kg/m3)   1265 Maximum Tensile Stress (MPa) 34,5 
Bulk modulus (GPa)   2 Maximum Shear Stress (MPa) 1 E+17 
Shear modulus (GPa)   5     

Polyurethane 
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Figure 8 Graph of Tool Stress and Displacement without UVA and with UVA for one hole 

It can be seen in Fig. 8 that according to the simulation, the use of UVA can reduce stress 
averagely around 30% on both punching and stamping (as seen on the graph) which is needed to 
carry out microforming processes, especially at its peak, however it may differ on the experiment 
as other factors also may take effect. From Fig. 8, it was found that the ultrasonic softening effect 
had an impact on the stress being lower, such in the punching and stamping processes as seen at 
the displacement of 0.2 mm until finish. The result achieved in this research also having the same 
trend of result done by Zhao et al. [18] which shows the effect on the stress-strain by having the 
ultrasonic vibration assisting the process. The UVA affect the stress as well as the force or the tool 
load which are lower than without UVA by respective average percentage. The cause of the 
lowering in stress and tool load is the mechanism of contacts accumulation between tool and 
workpiece, therefore the process is one with accumulated force and stress, while the magnesium 
material is also affected by the thermal softening that may take account on the material properties 
and characteristics.  

The result also shows that the simulation and calculation by the equations match to each other 
with slight tolerated difference. On further research, experimental process can be executed and it 
is expected that by the use of UVA, there will be decrease in number of microcracks and burr 
occurred that could be monitored by visual control with visual magnifying device, throughout the 
whole microforming process, therefore producing more precise in tolerance product as well, 
however the specific number for the decrease is yet to be determined on the experiment result.  
Summary  

• The design of the punch and dies pass stress and buckling analysis on its UTS material 
(SKD11) and machinability (5kN), making it safe for use in its intended use and 
constraints. 

• The effect of using UVA can be seen from the stress data which decreased by around 30%, 
as well as the quality of the resulting miniplate according to the simulation. 

• This research will be continued for further analysis with the manufacturing and 
experimentation, therefore in this research is coped only up to the designing and simulating. 
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Abstract. Cold forming of micro gears is currently not possible for modules m < 0.2 mm due to 
the occurrence of high tool stresses, handling problems and size effects. A multi-stage process 
chain of micro bulk forming from sheet metal offers the potential to solve these challenges. 
However, the industrial applicability is limited due to material efficiency. Against this background, 
the aim of this research work is an improvement of the material utilization as well as a further 
reduction of the tool stresses. Therefore, the influence of different heat treatment strategies as well 
as the materials copper Cu-OFE and brass CuZn30 are analyzed. Thus, a local laser heat treatment 
and a global heat treatment of the blanks are investigated. The focus of this research work is on 
the first process stage, pin extrusion, which is used for forming of the wheel blank. Since this 
process setup provides the material for the further forming stages, it has a huge influence on the 
material efficiency and on the forming of the gearing in the second process stage. Therefore, the 
component and process properties are evaluated to assess the influence of the measures. The results 
prove higher material efficiency at a similar tool stress by using local short-term heat treatment. 
Introduction 
In times of scarcity of resources and energy, increasing global warming and the awareness of the 
necessity for reduction emissions, the efficiency of production methods and the performance of 
technical systems have gained even more importance. In order to solve these global challenges, a 
transformation in the industry is required. The product miniaturization as well as the increasing 
functional integration offer the potential for the saving of raw material, space, costs and energy. 
Due to a lower use of resources and benefits for applications, there is a rising demand for micro 
components [1]. 

Important micro parts for motion and power transmission are micro gears as components of 
micro driving systems, which are used in watch industry, medical applications and in aerospace 
technology [2]. Microdrive systems enable high-precision and backlash-free motion transmission 
in a small space [3]. Metallic micro gears are industrially produced by cutting processes such as 
milling, hobbing or electrical discharge machining [4]. Furthermore, lithographic manufacturing 
technology (LIGA) as well as micro metal powder injection molding (μ-MIM) are used for 
production of micro gears [4]. However, these technologies are limited due to productivity, 
material and energy efficiency, mechanical properties and producible gear geometries [2]. 

In view of the increasing demand for geared, metallic micro components, resource-efficient and 
productive manufacturing processes are gaining importance. In macro scale, cold forming of gears 
offers technological, economic and ecological benefits like high output volume, energy and 
material efficiency and improved component properties [5]. However, due to the occurrence of 
size effects [6], handling problems [7] and high tool load [4], the production of micro gears with 
modules m < 0.2 mm by cold forming is currently not industrially possible [2]. In Rohrmoser et 
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al. [8], a new multi-stage process chain for forming micro gears from sheet metal was presented 
for the first time. In the first stage, a pin is extruded from sheet metal, which serves as a wheel 
blank for the further process stages. Subsequently, the pin is geared by lateral extrusion. In the last 
stage, the micro gear is separated from the sheet by shear cutting. By forming from sheet metal, 
which serves as a workpiece carrier, the handling and transport of the micro components is 
facilitated. Additionally, the multi-stage forming process causes grain refinement, which can 
reduce size effects [8]. In addition, the die stress is significantly lower compared to single full-
forward extrusion [9]. Furthermore, the applicability of the process chain for the materials copper 
Cu-OFE and brass CuZn30 has already been demonstrated. However, a limited material utilization 
is one of the existing challenges, which currently limit an industrial establishment. Furthermore, 
the forming of cold-rolled materials is not possible due to high tool stress. An approach of sheet 
metal forming to extend these process limitations is the application of a local short-term heat 
treatment in the forming zone. The local modification of material properties is a promising method 
to control the material flow purposefully. In addition, the hardness gradient within the circular 
blank offers the potential to achieve an increase in material utilization, by limiting the lateral flow 
of material outwards. 
Objectives and methodology 
The objective of this study is to determine the influence of a local short-term heat treatment on a 
multi-stage bulk micro forming process from sheet metal for manufacturing micro gears with a 
module m = 0.1 mm. For this purpose, the type of heat treatment is varied by a global heat 
treatment of the semi-finished products as well as by a local laser short-term heat treatment in the 
forming zone. Furthermore, the influence of material using the single-phase copper Cu-OFE and 
the two-phase brass CuZn30 is evaluated. The focus is on the first process stage, the pin extrusion, 
which determines the material efficiency of the process chain and the quality of the wheel blank. 
For this purpose, the resulting component and process properties are analyzed. The evaluated 
component properties are the pin height and funnel depth, as well as the micro hardness distribution 
and grain structure. For the analysis of the process properties, the force-displacement curves are 
investigated. Additionally, the process results of both materials are compared to ensure their 
transferability. 
Materials and experimental setup 
Setup for local short-term heat treatment. For local modification of material properties, a short-
term laser heat treatment is used. The process setup is depicted in Fig. 1. The blanks are heat treated 
with a diode laser Laserline LDM3000-100, which emits light at a wavelength of 900 to 1070 nm 
with a maximum power of 3 kW. The beam is focused with the optic OTS-5, which has a round 
spot geometry with a diameter of 4 mm. The laser unit is attached to a multi–axial robot arm from 
Kuka AG to enable precise positioning of the laser spot. To increase the absorption rate, the surface 
of the blanks is coated with a thin layer of graphite for a uniform emission coefficient of ɛ = 0.95 
[10]. The rotationally symmetrical specimens are positioned with the help of a stencil plate. An 
infrared camera of type FLIR SC 7600 is installed to control and monitor the temperature 
distribution along the blank during the laser process. 
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Figure 1: Setup for local short-term heat treatment. 
 

Materials and setup for global heat treatment. The sheet materials used in this work are the 
single-phase copper Cu-OFE and the brass CuZn30. The oxygen-free Cu-OFE is frequently used 
in electronics and in vacuum technology. In addition, the high-purity copper is well suited as a 
model material for fundamental research of micro forming processes. Brass CuZn30 is mainly 
used in metal goods industry as well as in mechanical and electrical engineering. Both materials 
exhibit excellent cold formability. However, the high zinc content of the brass increases 
mechanical strength and decreases thermal conductivity. Thermal conductivity has a major 
influence on the local short-term laser heat treatment process. For copper, the thermal conductivity 
is 394 W/mK. Brass, at 121 W/mK, has only 30 % of the thermal conductivity of copper. 

In this study, the materials are analyzed in global and local heat-treated condition. On delivery, 
the materials were in cold-rolled condition with a high pre-hardening of 86 % for Cu-OFE and 
66 % for CuZn30. For global heat treatment of the entire blank, a tube furnace NR 40/11 from 
Nabertherm GmbH with inter gas atmosphere (argon) is used. The temperature of 650°C was held 
for one hour. Then the specimens were cooled slowly in the furnace. In Fig. 2, the grain structure 
in cold-rolled and global heat-treated state are shown. Through the heat treatment, a homogeneous 
grain structure with large grains is achieved over the entire blank. To characterize the mechanical 
properties and the flow behavior, uniaxial tensile tests were carried out in rolling direction 
according to DIN EN ISO 6892-1. The experimental flow curves are presented in Fig. 2. 

 

Figure 2: Grain structure and flow behavior of Cu-OFE and CuZn30 in cold-rolled and global 
heat-treated condition. 

The flow curves show a behavior typical of the material, with the global heat treatment resulting 
in a reduction in strength and an increase in elongation at fracture. As a further heat treatment 
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strategy, a short-term laser heat treatment is investigated in order to locally influence the material 
structure. The efficiency of this strategy is qualitatively evaluated based on the grain size change 
of the grain structure, which is depicted in Fig. 3. In the area of local heat treatment, uniform, small 
grains are located, which replace the grains deformed by the rolling process through 
recrystallization processes and grain growth. This indicates a decrease in strength in this area. In 
the border area elongated grains are still visible as in the cold-rolled condition, suggesting higher 
strength in this zone. Furthermore, there is a difference between the two materials in the size of 
the heat-treated zone. In case of copper, the heat-treated zone has a diameter of about 4 mm. For 
brass, a diameter of about 6 mm is identified, thus the heat-treated zone is more pronounced.  

 

Figure 3: Grain structure of Cu-OFE and CuZn30 blanks after local heat treatment. 
Process setup for pin extrusion. For the manufacture of micro gears, a multi-action tool system 

is required, which is installed in a universal testing machine Walter+Bai type FS 300 with a 
maximum testing force of 300 kN. The process scheme and the parameters are illustrated in Fig. 4. 
The extrusion punch and the ejector are driven by hydraulic cylinders. The blank holder is 
controlled by the universal testing machine, which prevents a lifting of the blanks and reduce the 
radial material flow outwards in the direction of the sheet metal. The blank holder pressure is set 
material-specifically in order to prevent plastic deformation due to the blank holder. 

 

Figure 4: Process scheme of pin extrusion and process parameters.  
At the beginning of the process, the blank holder moves downwards and constrains the circular 

blank on the die. The blank has a diameter of 20 mm and an initial sheet thickness of 2.0 mm. 
After applying the blank holder pressure, the extrusion punch moves axially downwards with a 
constant forming velocity of 5 mm/min and penetrates the blank. This movement causes an axially 
and a radially material flow. The material located above the cavity is displaced axially downwards 
into it. Furthermore, the material under the punch, which is not directly above the cavity flows 
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laterally into the cavity and radially outwards into the sheet plane. Mechanical stops limit the punch 
penetration at a depth of 1.8 mm, which corresponds related to the sheet thickness to a relative 
penetration depth of 90 %. As lubricant, the extrusion oil Dionol ST V 1725-2 from MKU-Chemie 
GmbH is used in a quantity of more than 10 g/m². 
Experimental results and discussion 
In this chapter, the experimental results of pin extrusion are presented. As geometrical properties, 
the pin height as well as the funnel depth are compared. The funnel depth quantifies the resulting 
piping defect. This represents a material deficit inside the pin, which can occur during extruding 
pins from the sheet plane. Funnel formation occurs when the axial material flow velocity, which 
corresponds to the forming velocity of the punch, is lower than the lateral material flow velocity 
towards the die cavity. This velocity gradient inside the pin causes the funnel forming. Therefore, 
in order to improve the material efficiency of the process, the objective is to maximize the pin 
height and minimize the funnel depth. Furthermore, mechanical properties in form of the micro 
hardness distribution are analyzed in order to analyze the influence of the local heat treatment. By 
evaluating the grain structure of the components, the material flow should be confirmed. 

Process properties. The force-displacement curves are analyzed to draw conclusions about the 
tool stresses. During the forming process, forces and displacements are recorded by sensors with 
a resolution of 1.5 N and 1.0 μm, which are installed in the upper tool unit. In Fig. 5 a the force-
displacement curves of the pin extrusion processes are presented. 

 

Figure 5: Force-displacement curve (a), pin height (b) and funnel depth (c). 
The force-displacement-curves of the global heat-treated materials are similar to the curves 

during upsetting and corresponds to the described phases by Ghassemali [11]. Compared to Cu-
OFE, CuZn30 shows a higher increase of the force curve and a 70 % higher maximum force, which 
can be explained by the higher yield stress and stronger work hardening of the brass. However, the 
force-displacement curve of the local heat-treated specimens displays differences from the typical 
progression for both materials. The process starts with a nearly linear increase of the process force 
until a displacement about 0.1 mm (CuZn30) respectively 0.07 mm (Cu-OFE). Subsequently, a 
slight decrease of force occurs, before increasing again. For Cu OFE the process force reaches a 
saturation value at 8.2 kN, while for CuZn30 it continuously rises to 15.2 kN. This can be 
explained by the previously described grain structure across the sheet thickness. Due to the larger, 
softer grains in the upper area of the sheet (Fig. 3), there is a slight drop in force or a stagnation of 
the increase in force after elastic deformation. Thus, a low force is required for the plastic 
deformation of material in the upper area. In the further process, the punch penetrates deeper into 
the sheet, forming the area with smaller, harder grains, which required a higher forming force. The 
force-displacement curves of the two types of heat treatment differ significantly during the force 
progression. The maximum forming forces are only 4 % higher for Cu-OFE and 14 % higher for 
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CuZn30 due to the local heat treatment, which does not significantly increase the tool stress. A 
forming of the cold-rolled materials was not feasible due to high force requirement and tool stress. 

Component properties. The pin height and the funnel depth are displayed in Fig. 5 b, c in order 
to analyze the material efficiency of the process. A digital absolute dial indicator from Mitutoyo 
is used to measure tactile the pin height with an accuracy of ± 0.5 μm. The funnel depth is 
measured by using micrographs. 

In order to completely fill the gearing in the second process stage, a minimum material volume 
of 5.1 mm³ is required. This corresponds to a height of 2.9 mm without funnel formation. In the 
globally heat-treated state, the pins formed from both materials only slightly exceed this 
specification, while the material deficit due to funnel formation (Fig. 5 c) lead to incomplete die 
filling of the gearing. The application of a local heat treatment results in a 95 % (Cu-OFE) increase 
in pin height up to 6.24 mm and a 47 % (CuZn30) increase up to 4.70 mm. This is attributed to the 
hardness gradient along the diameter of the blank and the higher hardness in the passive forming 
zone, which inhibits the lateral flow of material outward in the sheet metal, resulting in an increase 
in the lateral flow of material into the die cavity. In the global heat-treated condition, on the other 
hand, softer material is present in the outer area, resulting in less outward flow inhibition and thus 
more material being able to flow into the sheet metal. Thus, the use of local heat treatment is a 
suitable strategy to increase material efficiency during pin extrusion. Furthermore, a comparison 
of the materials shows a 33 % higher pin for Cu-OFE in the local heat-treated state. This can be 
explained by different sizes of heat-treated zones (Fig. 3) of the materials. Due to the larger heat-
treated zone of the brass, there is a lower hardness gradient along the blank diameter compared to 
copper, which results in a higher material flow radially outward into the sheet plane. 
Another parameter is the funnel depth, which quantifies the resulting piping defect (Fig. 5 c). For 
both materials, the depth of the funnel increases slightly by 0.02 mm due to the local heat 
treatment. However, in relation to the pin height, the relative proportion of the funnel depth is 
significantly reduced. For copper, the proportion has been minimized from 6.5 % to 3.7 %. For 
brass, a reduction from 12.5 % to 8.9 % can be identified. Furthermore, for CuZn30 a larger funnel 
depth is observed independent of the heat-treated state, which could be due to the higher yield 
stress and the stronger work hardening of the brass, as shown in the flow curves in Fig. 2.  

In Fig. 6 the hardness distribution and the grain structure are shown. For micro hardness 
measurement, the Vickers hardness test method according to ISO 14577 is used. The measurement 
was carried out with a Fischerscope HM2000 (Helmut Fischer GmbH) with a test force of 100 mN 
(HV0.01) and a holding time of 10 s The initial micro hardness in heat-treated condition has a 
value of 66 ± 7 HV0.01 for copper and of 92 ± 5 HV0.01 for brass. The highest forming induced 
strain hardening for all specimen results in the residual sheet and in the upper zone of the pin. A 
maximum micro hardness of 170 ± 9 HV0.01 (Cu-OFE) and 294 ± 8 HV0.01 (CuZn30) is 
achieved in the pin of global heat-treated condition, which equals an increase of 158 % and 220 %, 
compared to the initial hardness. Furthermore, the micro hardness decreases in the direction of the 
pin head, with a hardness of 85 ± 4 HV0.01 (Cu-OFE) and 128 ± 10 HV0.01 (CuZn30). This is 
attributed to the forming of the pin head at the beginning of the process, where the material flows 
predominant axially downward into the cavity. Thus, low strain hardening is achieved. In the outer 
area of the blank, no significant hardening can be determined due to the limited blank holder force. 
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Figure 6: Micro hardness distribution and grain structure of the investigated components. 
In initial local heat-treated condition, the micro hardness in the border area is 172 ± 11 HV0.01 

for copper and 182 ± 15 HV0.01 for brass. In the forming zone, the micro hardness is 
69 ± 4 HV0.01 (Cu-OFE) and 83 ± 3 HV0.01 (CuZn30). Due to the forming induced hardening, a 
maximum hardness in the upper area of the pin of 165 ± 1 HV0.01 for copper and 245 ± 5 HV0.01 
for brass is achieved. In the head area, the micro hardness is 123 ± 7 HV0.01 for copper und 
125 ± 3 HV0.01 for brass. Thus, a similar distribution of micro hardness and strain hardening in 
the pin area is present for brass for both heat treatment types. For copper, there is a 145 % increase 
in micro hardness in the pin, which is clearly visible from the larger red color details in the image. 
The differences between the materials can be explained by the different laser heat treatments. 

In addition to the investigated micro hardness distribution, micrographs (Fig. 6) are analyzed 
to evaluate the expected material flow through an interpreting of the grain deformation. In the 
border area of the blank und in the area of the pin head of the investigated specimens, there is no 
significant deformation in grain structure in comparison with the initial grain structure visible. 
Furthermore, in residual sheet as well as in the upper part of the pin near the funnel, there is a 
significant deformation of the grains corresponding to the evaluated micro hardness. The 
comparison of the heat treatment strategy shows especially for copper significant differences in 
the grain structure in the pin area. In the local heat-treated condition, many small grains are visible 
in the pin area, whereas in global heat-treated condition large grains are present. 
Summary and outlook 
In this paper, the potential for extending the process limits during pin extrusion from sheet metal 
by a local short-term laser heat treatment was investigated. Therefore, the influence of the heat 
treatment strategy was evaluated. In order to analyze the transferability of the results, the 
investigations were carried out with the single-phase copper Cu-OFE and the application material 
brass CuZn30. The following main conclusions can be drawn: 

• Using a laser as heat source, the heat treatment can be locally limited to the area of the 
forming for Cu-OFE and CuZn30. This type of heat treatment offers the potential to save 
process time and energy in comparison with heat treatment in a furnace. 

• Through local heat treatment an improvement of the material flow and an increase in 
material utilization is achieved. The pin height was increased by 95% for Cu-OFE and 
47 % in case of CuZn30.  

• In addition, no significant influence on the funnel formation was identified. Only a small 
funnel depth occurs. 
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• The maximum force requirement of the two types of heat treatment and thus the tool stress 
is very similar, but the course of the force-displacement curves differs significantly.  

• By using local short-term heat treatment, the micro hardness of the pin in the direction of 
the pin head is increased, especially for copper. In the case of brass, however, the hardness 
distribution is similar to the global heat-treated condition. Furthermore, the maximum 
micro hardness in the area of the funnel is in similar range. 

Future research should focus on the investigation of the influence of heat treatment strategy on 
the forming of micro gearing by lateral extrusion. In addition, the investigation of different laser 
process parameters offers the potential to adjust the material properties and the size of the heat-
affected zone to achieve desired material properties for pin extrusion. 
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Abstract. Endless fiber-reinforced plastics are being used to an increasing extent as alternative 
materials for highly stressed or lightweight components instead of metallic materials. In order to 
achieve the geometric requirements, peripheral machining of the raw parts is necessary. Instead of 
the currently mainly used cutting processes, which are not suitable for clocked production, high-
speed impact cutting (HSIC) was examined in the presented experiments. This technology is 
known as adiabatic cutting from the processing of metallic materials. Due to the high process 
energy which is released in a very short time resulting in high punch speed, the prevailing 
separation mechanism changes. Instead of bending the fibers due to the shear force the high-speed 
cutting experiments with a punch speed of 10 m/s lead to a brittle shearing of the glass fibers and 
a locally very limited heating and hence softening of the matrix material resulting in a clean surface 
of the cut specimen. The inter fiber breakage, meaning the separation between fibers and matrix 
called delamination, can be avoided or at least be sealed at the surface due to heat induced smearing 
of the matrix material. The resulting surface quality of the cutting edge is exceptionally good. 
However, the technically necessary cutting clearance leads to a jump in diameter within the cut 
surface.  
Introduction 
Even today a significant proportion of the energy required by humans is obtained by the use of 
fossil fuels. One problem of this approach is the limited availability of oil and gas, another is the 
environmental impact caused by the combustion of these fuels that leads to damage of the 
environment and reduction in human quality of life. As a result, in addition to revolutionizing drive 
systems and power generation, consistent lightweight construction is necessary to achieve the 
environmental goals that have been set. This concerns especially the area of transport, which is 
responsible for around 20 % of global CO2 emissions [1]. Lightweight design is a key driver to 
reduce vehicles energy consumption and is often applied in the automotive industry [2]. Fiber-
reinforced plastics have been used as a substitute for the classic metallic materials to a steadily 
increasing extent for several decades [3]. Application fields range from aviation up to shipbuilding 
and vehicle construction. Endless fiber-reinforced duromers (EFRP) are of particular importance 
here because they are suitable for the production of components with the same function but 
significantly lower mass in comparison to conventional materials due to their up to five times 
higher specific strength compared to steel [4]. In contrast to components made of metallic 
materials, for components made of EFRP near netshape manufacturing and subsequent machining 
of holes and edges is the typical approach to comply with the required geometric dimensions. 
However, conventional processes such as milling are poorly suited due to the high hardness of the 
reinforcing fibers and the heterogeneity and anisotropy of the composite [5]. The milling tool 
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experiences a high level of wear, which manifests itself in rounding of the cutting edges and in 
turn leads to damage to the workpiece which is being machined [6]. Alternative processes for 
producing the required dimensions are currently cut-off grinding, sawing, abrasive waterjet cutting 
and laser cutting. In addition to the respective process-specific advantages and disadvantages of 
these individual production methods, they all lack suitability for a clocked production process, 
since the entire contour of the component to be produced always has to be traversed in order to 
perform the separation process. An alternative to this is peripheral machining using shear cutting, 
in which one or even several components can be manufactured using only one press stroke. Shear 
cutting is widely used in the sheet metal processing industry [7] and it offers high cost-
effectiveness [8]. Aiming for an improvement of the geometric accuracy of the cut surface and 
good surface quality, high speed impact cutting (HSIC) is a promising process variation [9]. In 
contrast to conventional shear cutting, this technology is characterized by the high speed (i. e. 
above 3 m/s) of the cutting tool (punch). This causes high and strongly localized strain rates and 
temperatures, leading to a nearly rectangular cut surface, a reduction of burr and a reduced rollover 
height for metallic materials [10]. The presented study aims to show the general feasibility of 
cutting EFRP with high cutting speed.  
Experimental Methodology 
Samples with a reinforcement made of glass fiber fabric (fiber alignment 0/90 °, fiber volume 
content φF = 55 %) with an epoxy resin matrix in thicknesses of 1, 2, 3 and 4 mm were used for 
the investigations. Three slugs with the same parameters were cut out from a flat workpiece with 
the dimensions of 175x50 mm2 for each material thickness. The punch had a diameter of 20 mm 
and the cutting clearance was varied between 0.05 to 0.3 mm by using differently sized dies. After 
inserting the sample into the tool, the cutting punch was accelerated by the high-speed press 
Adiapress ADIAflex to a speed of 10 m/s. For this purpose, an energy of 1 kJ was applied. Fig. 1 
shows the press on the left and the tool on the right side. 

Fig. 1: Experimental setup for the HSIC tests: left) high-speed press ADIAflex; right) CAD 
drawing of the used tool  

The cutting punch dipped into the sample for 2/3 of its thickness. The slug was then released 
from the workpiece by kinetic energy. After the HSIC tests the cut surfaces of the slugs and the 
workpiece were analyzed, as shown in Fig. 2. The percentage of breakage of the cut surface was 
measured manually using calipers at three positions distributed over the circumference of the slug 
and the perforated plate. This procedure allows fast and efficient determination of the general 
effects of changing parameters (DIN SPEC 25713-2017). On selected samples with typical 
appearance a conductive gold layer with a thickness of a few nanometers was applied using 
cathode sputtering (Cressington Sputter Coater 108auto). This is the only way to subsequently 
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examine the non-electrically conductive compound by using a scanning electron microscope (Karl-
Zeiss EVO MA15). The used procedure is state of the art for nonconductive sample materials and 
a significant influence on the surface topology is not to be expected. A systematic, manually 
controlled scanning and exact surface measurement of typical or conspicuous separating edge 
areas was performed. 

 
Fig. 2: Slug and divided workpiece prepared for measurements and visual inspection 

Results and Discussion 
Fig. 3 shows four slugs, cut by HSIC, with thicknesses of 1, 2, 3 and 4 mm (from left to right). 
The cutting clearance was 0.05 mm for the specimens with 1 mm and 2 mm thickness and 0.1 mm 
for the specimen with 3 mm and 4 mm thickness presented in the picture. With this variation of 
the absolute cutting clearance a relative cutting clearance between 2.5 % and 5 % was ensured, 
which is typically used in high-speed impact cutting of metallic materials. 

 
Fig. 3: Cut slugs featuring thicknesses of 1, 2, 3 and 4 mm from left to right  

Fig. 4 illustrates the dependency between the cutting clearance and the fraction of breakage for 
all examined material thicknesses comparing the workpiece (WP) and the slug (S). It is shown that 
the fraction of breakage increases with an increase of the cutting clearance. The slugs show a 
slightly higher (5-20 %) proportion of breakage, also referred as rough cut zone, than the 
workpiece. The minimum area of fracture occurs at a thickness of 1 mm and a cutting clearance of 
0.05 mm. The relative deviation was due to the manual measuring, the heterogenous material 
structure and the resulting deviating cutting proportions rather high (up to 10 %). However, the 
influences of cutting clearance, high punch velocity and material thickness on the shear cutting 
process could still be identified in this study. It is clearly visible that smaller cutting clearances 
reduce the fraction of breakage for every tested specimen. However, the proportion of rough cut 
zone is not consistent through the increasing material thicknesses. Reasons for that could be 
different compositions of the bought EFRP material as well as the measurement inaccuracy.  
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Fig. 4: Correlation between cutting clearance and fraction of breakage of workpiece (WP) and 

slug (S)  
For one slug with a thickness of 4 mm and a cutting clearance of 0.3 mm, Fig. 5 shows the 

varying smooth and rough cut proportions. On the left side a photograph of the part is depicted. 
On the right side the result of a 3D measurement made with the scanning electron microscope is 
shown. Fig. 5 gives a better understanding on the resulting surface topology and shows that the 
proportions are irregular distributed over the perimeter which leads to a high scatter of the taken 
measurements. This could only be reduced by time consuming complete measurements of ever 
sample with the SEM for example. 

 
Fig. 5: Varying smooth and rough cut proportions on a slug, vDie = 10 m/s, t = 4 mm, c = 0.3 mm 

A more detailed analysis of the cut surface was performed by using the SEM for recording 
detailed images of the fracture surface, pictured in Fig. 6. In the area of the rough cut zone, 
numerous protruding fibers and fiber bundles can be seen in addition to an irregular surface 
topography, which is typical for shear cutting of EFRP (compare “punchside” in Fig. 6). The part 
of the workpiece facing the punch and the part of the slug facing away, both being classified as 
smooth cut zone, show an even and less rough surface. In this area, thermal damage to the matrix 
material can be recognized by a slight brown discoloration visually and by a significantly higher 
oxygen content measured by laser-induced plasma spectroscopy, indicating the temperature 
induced oxidation of the matrix material. This diffusion of oxygen into the matrix material has to 
be activated by heat according to [11]. The observed changes of the matrix material indicate 
heating above the glass transition temperature up to the temperature of thermal decomposition. 

25

30

35

40

45

50

55

60

65

70

75

0 0.05 0.1 0.15 0.2 0.25 0.3

Fr
ac

tio
n 

of
 b

re
ak

ag
e 

[%
]

Cutting clearence [mm]

1 mm WP

2 mm WP

3 mm WP

4 mm WP

1 mm S

2 mm S

3 mm S

4 mm S
0.05            0.1   0.15             0.2     0.25              0.3 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 315-322  https://doi.org/10.21741/9781644902417-39 

 

 
319 

However, as it is already known from the adiabatic cutting of metallic materials, this damage is 
strongly localized [10]. This results in "blurring" of the matrix material in the direction of the slug 
ejection. As a result, the cutting edge consists exclusively of matrix material. Loose fiber ends or 
cracks cannot be seen in the smooth cut zone. This means that the material seals itself as a result 
of the heating during the shear cut, which significantly simplifies further processing of the 
component, such as painting. Traces resulting from the withdrawal of the stamp from the cutting 
zone cannot be seen, because the residual heat from the cutting process transferred into the poorly 
heat conductive composite material was not enough to keep the matrix material in a soft state until 
the punch withdrawal. This confirms the assumption of strong local limitation of the thermal 
influence. 

The effect of matrix softening increases with increasing thickness of the workpiece. At 
t = 1 mm, only a very small thermal influence and unsealed surface with clearly visible fibers can 
be observed as shown in Fig. 7, while at t = 4 mm an extensive smooth-cut zone with closed 
surface can be seen (Fig. 6). This is caused by the energy necessary to cut the samples. While 
cutting thicker samples, a lot of kinetic energy from the punch is transformed into heat while 
cutting the slug. However, if thinner specimens are being processed only a small part of the 
provided energy is absorbed by the composite, which means that there is very little heat generated 
and no matrix softening takes place. Despite this, the high velocity of the punch still ensures a 
clean cut of the glass fibers, resulting in a good surface quality for the 1 mm specimen. It has to 
be noted nonetheless, that the matrix softening increases the smoothness of the cutting surface 
significantly.  

Looking at the top surfaces of the samples white discoloration occur along the cutting edges. 
This suggests that the applied shear forces cause delamination due to fiber bending especially at 
high material thicknesses. Also, the transition from smooth cut surface to fracture surface is clearly 
marked by a step in the separation edge for thicknesses bigger 1 mm, where the diameter of the 
cut hole and the slug increases/decreases. This abrupt change in diameter, determined by the 3D 
measurement of a sample using SEM, is shown on the embedded diagram in Fig. 6. The cutting 
clearance for the sample pictured is 0.3 mm, which roughly corresponds to the change in radius 
visible in the diagram. This shows that the cutting clearance is too large and should be significantly 
smaller instead according to examination results of shear cutting metallic materials [12]. Since the 
cut begins at the punch and at the die side of the workpiece, the two cutting fronts are running 
almost parallel to each other at about the same distance as the set cutting clearance. When both 
separation zones in the material have reached the same level of the laminate consisting of matrix 
material (black, horizontal line in the diagram), a crack develops in almost horizontal direction 
through this matrix layer, which connects both separation fronts. 
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Fig. 6: Variance of the radius along the cut surface on a slug at vDie = 10 m/s, t = 4 mm, 

c = 0.3 mm 

 
Fig. 7: Unsealed but even cut surface on the workpiece, vDie = 10 m/s, t = 1 mm, c = 0.05 mm  
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The fracture surface on the die and on the punch side of the workpiece or slug respectively is 
characterized by fiber tear out and a rough surface, comparable to preliminary tests carried out 
with a conventional punch speed. Fig. 8 shows a 4 mm thick sample, analyzed in previous studies, 
for comparison. In contrast to the high-speed impact cutting this sample does not show any sealing 
effects in the smooth cut zone but pushed out, delaminated fibers at some places. Furthermore, 
there are loose matrix particles and a lot of protruding fibers in the rough cut zone. Also, severe 
delamination took place and on the resulted surface no finish could have been applied without 
extensive rework such as grinding.  

 
Fig. 8: Surface of a preliminary test specimen cut with low punch speed  

Summary and outlook 
The presented study shows that the high-speed impact cutting process, which is currently mainly 
used for cutting metallic materials, is fundamentally suitable for cutting components consisting of 
endless fiber-reinforced duromers (EFRP) even if the heterogenic material composition and the 
resulting crack formation properties are vastly different. The resulting cut surfaces show very little 
delamination in comparison to cutting tests at conventional punch speeds. The resulting finish of 
the edge is clean and uniform in the smooth cut areas, free of fibers and sealed by the matrix heated 
in the process. Moreover, thermal damage that is strongly localized takes place. However, 
depending on the thickness and the cutting clearance there is a jump in diameter and the fracture 
area shows numerous protruding fiber bundles and fiber tears. The resulting surface is still of better 
quality in regards of evenness, fiber protrusion and delamination than samples cut with a low 
velocity punch. Nonetheless further study is necessary in order to achieve a uniform, sealed cut 
surface over the whole thickness for all workpiece dimensions. This should include investigations 
of crack formation and propagation, the influence of different compositions of fibers and matrices 
as well as the relevance of every cutting parameter and their optimal value. The aimed goal should 
be a uniform temperature increase along the cutting surface to seal all fibers and voids which 
appear due to the occurring mechanical separation mechanism and the avoidance of the observed 
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step formation for samples with higher thicknesses. The result would be a cut surface that requires 
no post-processing, is dimensionally accurate (± 0.1 mm) and can be painted immediately. 
Beneficial would also be the possibility to implement this process into clocked production for mass 
producing parts. 
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Abstract. The industry demands an increasing individualization, which leads to a rising variety of 
sheet metal parts. The consequence for sheet metal manufacturers are larger amounts of product 
data, smaller batch sizes and a larger quantity of different parts per year. The challenge for an 
efficient company is the availability and use of the corporate product data. Classification is a 
suitable tool for organizing corporate product data sets. In order to better reflect the 
individualization of customer demands and the resulting flexible manufacturing processes in a 
classification system, a method is needed to adapt the classification system based on the frequently 
used feature list. In the context of this paper, features are defined and parts are classified that are 
manufactured with the technology of air bending. It is a contribution to the creation of more precise 
approaches to the sheet metal part classification with simultaneous validation by a measurable 
characteristic. Focus is placed on the validation of the system with empirical measurement data. 
This allows every company to optimize and validate their own classification system. 
Introduction 
Over the last decades, the increasing individualization of customer demands led to a rising variety 
of sheet metal parts [1]. The result is a wide spectrum of sheet metal products, that ranges from 
simple articles of daily use to precision parts for the automotive or aviation industry [2]. Especially 
the aviation industry today is largely based on sheet metal forming technologies [3]. Due to 
individualization, product data is growing in all departments of a company like development, 
industrial engineering or production, as new products are constantly being developed or old 
products are being modified [4]. Manufacturers of sheet metal parts have adapted to the new 
situation. Associated with the larger variety of sheet metal parts, a significant range of flexible 
manufacturing processes for the production of those were developed [2]. The direct consequence 
for sheet metal manufacturers are smaller batch sizes and a larger quantity of different parts per 
year [5]. In addition, they have to handle larger amounts of product data for the higher variety of 
different parts. 

In this environment it is important to find an efficient way to cope with the amount of data. The 
challenge for an efficient company is the availability and use of the corporate product data [6]. 
Classification is a suitable tool for organizing corporate product data sets and thus allows access 
to empirical knowledge [4]. Greska recognized that classification is a basic strategy for acquisition 
and processing of knowledge [6]. The necessity of a classification system becomes obvious when 
engineers of a manufacturing company spend on average about 45 % of their working time to 
search for existing parts and assemblies [6]. A review from Duflou et al. [7] has shown that a large 
number of publications contain proposed classification systems, that differentiate between certain 
features of design or manufacturing. Gupta et al. [8] use also features as they distinguish between 
deformation and cut features. In their work, they define sheet-metal parts as a combination of a 
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number of individual features and each feature is related to another directly or indirectly. 
Furthermore, Greska et al. [6] give an overview of the three types of classification systems: 1. form 
order systems, 2. special feature list and 3. pattern recognition. The form order systems are almost 
irrelevant, as they are error-prone and time-consuming. An example of a frequently used feature 
list is a classification code. That code can be derived in form of a five-sign chain, based on the 
analysis of different features of parts [9]. The research is focused on automated processes and 
artificial intelligence methods to recognize patterns and features of parts and classify the parts into 
categories [7]. The methods cover a wide range of manufacturing processes [4]. The automated 
approach has yet been only partially successfully applied in most industrial companies. 

To better reflect the individualization of customer demands and the flexible manufacturing 
processes, a method is needed to adapt the frequently used feature list. A classification system 
tailored to the specific manufacturing process of a company contributes to increasing this 
rationalization potential [10]. To achieve the target of an appropriate classification system, a 
process is required that adapts the classification system to the manufacturing process. The selected 
classification system must be validated against measurable data. A specific classification system 
supporting the different work processes could be created for each functional department of a 
company, e.g., purchasing, customer service, sales, or engineering [4]. This paper is a contribution 
to the creation of a more precise approach to the sheet metal part classification with simultaneous 
validation by a measurable characteristic. To overcome some limitations of general classification 
system, a method is shown for developing a classification system that fits the process. 
Experimental Procedure 
Feature list and calculation of the complexity score. In the context of this paper, parts are classified 
that are manufactured with the technology of air bending. The achievable dimensional accuracy in 
air bending is dependent on variations in sheet thickness and material properties, because these 
lead to variations in springback [2]. 

The production of tightly toleranced bending angles therefore requires a good execution of the 
process [2]. The major advantage of air bending over the other frequently used technology die 
bending is its much greater flexibility, because one tool can be used for many bending angles and 
radii [11]. In order to determine the relevant features for a feature list of the air bending process, 
the basic studies of Greska et al. [10] are used. With this set of features as a basis, the features 
fitting to the air bending process are selected. Additional features are combined with them based 
on expert knowledge from engineering and production. The initial selection includes 28 features, 
which are shown in Fig. 1. To facilitate data analysis and to be able to compare and rank parts, a 
complexity score (CS) is introduced. Once the complexity of parts can be quantified, re-use of the 
knowledge available for certain categories of parts is possible [7]. The CS is generated out of the 
selected features. To quantify the complexity of the parts, the weighting of the features is necessary 
using the method of pairwise comparison. In addition, a normalization of the feature values is done 
to the range 0 to 10. As a result the different feature values become comparable and the 
differentiation of the final CS score is improved. The CS is the sum of the normalized feature 
values multiplied by the weighting. The theoretical maximum range of the complexity score is up 
to 1000. The actual parts assessed are in the range from 51 to 468. 

Validation of the features based on the measurement results. In order to validate the 
classification system for the air bending technology, a hypothesis is formulated which is verified 
using actual measurement data. The hypothesis is the higher the complexity score of the part, the 
larger is the deviation of the profile shape tolerance. To verify the hypothesis a selection of sample 
parts from the company’s portfolio needs to be defined with a minimum of three parts per set. For 
this paper, sample parts of RECARO Aircraft Seating GmbH & Co. KG are used to demonstrate 
the method for the air bending technology. The selection is made on the basis of the geometry and 
the production quantity with an amount of selected parts less than 15 to be cost effective. The 
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selection of parts is optimized according to the most possible appearance variety and the largest 
production quantity. The selected parts are classified on basis of the developed complexity score, 
manufactured with a batch size of 20 and measured for an empirical data set. The measurement 
data are used to investigate the correlation of complexity score and the deviations of the parts based 
on the profile shape tolerance. The average values of the profile shape tolerances of a production 
lot are determined. The correlation between averaged profile shape tolerances and complexity 
score is calculated. Additionally, a scatterplot is created for the visual interpretation of the 
empirical data. Recognizing an association in the pattern does not guarantee that there is actually 
a cause-and-effect relationship between the variables [12]. The calculated correlation coefficient 
is a measure of the strength of the relationship between the two variables and does not imply 
causation. Based on this, it is important to conduct a substantive interpretation of the correlative 
relationship to justify causality. 

 
Figure 1: Feature list for air bending 

Reduction of features and verification of correlation. For an efficient classification system, it is 
evaluated whether the initial number of features can be reduced. To evaluate the reduction of the 
features, a linear optimization is performed based on the sample parts. Using linear optimization, 
the weighting factors of the score are modified to improve the correlation between averaged profile 
shape tolerances and the part’s complexity score. With this approach, non-relevant features can be 
excluded from the calculation of the score. Further parts from the company's portfolio are added 
in order to verify the linear optimization performed. In most companies, measurement data from 
first article reports (FAI) of parts are available. All measurement data used in this paper are 
measured with the scanner system ATOS Compact Scan. The measurement data of these parts are 
used to check the correlation between complexity score and the profile shape tolerance. 
Results and Discussion 
The scatterplot in Fig. 2 shows the distribution of the parts based on the profile shape tolerance in 
relation to the complexity score. The position of the dots indicates values for an individual data 
point of the sample. The 62 blue dots represent parts with one measured value, during the part first 
article inspection. The eleven orange dots are average values (n = 20) of the profile shape 
tolerances of the selected sample parts. The sample correlation coefficient (r) shows a strong 
positive association between the computed complexity score and the measured profile shape 
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tolerance. When looking at all the 73 parts, the correlation coefficient r is 0.75. Limiting the 
correlation coefficient to the 11 parts used to optimize the system with the linear optimization, the 
value increases to 0.93, which means a very strong positive association. 

 
Figure 2: Correlation between complexity score and profile shape tolerances; orange: 

measurement series, averaged n = 20, blue: single parts n = 1 
The hypothesis is the higher the complexity score of the part, the larger is the deviation of the 

profile shape tolerance. The association between the two variables is strong, therefore the 
hypothesis is verified. However, evidence of a correlative association does not guarantee that there 
is causation [12]. Interpreting the causal relationship, the feature list from Fig. 3 is taken into 
account. A causal relationship exists if the remaining features have an impact on the profile 
tolerance. The initially selected classification features are reduced using the linear optimization 
from 28 to 11. Only features of the finished part are used to compute the optimized complexity 
score. Features such as dimensions of the finished part or the number of determined bending lines, 
e.g., the number of U-bends, are also confirmed in the literature as influencing variables for part 
accuracy. Greska et al. [6] show the factors impacting the part accuracy and Söderberg et al. [13] 
describe the different geometrical sensitivities that lead to variation in individual part dimensions. 
The individual part dimensions are reflected in the profile shape tolerance as it is defined as a 3-D 
tolerance zone around a surface. Therefore, the relationship between CS and profile shape 
tolerance is considered causal. With the validation, the classification system is ready to use in all 
relevant departments of a company. Furthermore, a process is defined based on the data and 
experience gathered during the experiment. 

The developed process works for all sheet metal bending technologies and is a more precise 
approach to the sheet metal part classification due to the simultaneous validation by a measurable 
characteristic. It overcomes the limitations of general classification system, by using features for 
classification which fits the specific process. Fig. 4 visualizes the process and describes the four 
steps to a customized classification system. It uses the available knowledge from literature and 
experts to derive features.  
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Figure 3: Reduced feature list for air bending after linear optimization 

Room for improvement lies in the area of digitalization and Industry 4.0. One challenge is to 
automatically collect the features in an end-to-end PLM system. This increases efficiency and 
contributes to a company-wide use of the classification system. After the developed classification 
system has been validated by empirical measurement values, it is still required to define what 
actions are required in the individual departments depending on the score. For example, at high 
values of the CS, a simulation of the part or the production and measurement may be necessary. 

 
Figure 4: Technology-based approach to a customized sheet metal part classification 

Summary 
Within this paper a technology-based approach to a customized sheet metal part classification 
system is introduced. The individualization of customer demands and the flexible manufacturing 
processes require a precise classification. The customized classification system eliminates the 
restrictions of a general classification system. Because of the success in the industry, a feature-
based classification is customized to one specific manufacturing process. A method is shown for 
developing a classification system that fits the process. The relevant features for the air bending 
technology are identified and weighted. A complexity score is computed based on the selected 
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features. To quantify the complexity of the parts, weighting of the features is necessary using the 
method pairwise comparison. In addition a normalization of the feature values is done to the range 
0 to 10. The complexity score is the sum of the normalized feature values multiplied by the 
weighting. The hypothesis defined at the beginning of the experiment is verified, which means that 
the developed classification system is relevant for the considered air bending technology. The 
sample correlation coefficient (r = 0.75) shows a strong positive association between the computed 
complexity score and the measured profile shape tolerance. 
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Abstract. In the automotive sector, the demand for high crash safety and lightweight construction 
has led to an increased use of steels with higher strengths. However, the rising number of varying 
materials with different strengths and ductilities lead to an increasing complexity in production, 
making it more challenging to ensure robust processes. Therefore, the focus of current researches 
still lays on the further development and extension of forming processes to enable high 
productivity and reliable production. A powerful tool for an efficient optimisation and extension 
of forming processes is the Finite Element Method (FEM), which offers time- and cost saving 
potentials in the design phase. In deep drawing, the use of a counter punch offers the possibility of 
extending the process limits. By superimposing compressive stresses on the workpiece, the 
initiation of cracks can be delayed, thus higher drawing ratios can be achieved. The aim of this 
research is therefore the numerical investigation of a deep drawing process with a counter punch 
to analyse the influence on the crack initiation and identify optimisation potentials for the process. 
For this cause, the applied force as well as the position and geometry of the counter punch are 
varied and the influence on fracture initiation is evaluated. It is found that the applied force on the 
counter punch is the major influencing factor for crack initiation. Furthermore, it was concluded 
that the contact between the counter punch and the workpiece should be applied as soon as the 
bottom of the cup is shaped. A further improvement can be achieved if the counter punch is 
geometrically adapted to the bottom of the workpiece. 
Introduction 
The process limits regarding fractures in deep drawing can be extended by reinforcing or relieving 
the force transfer zone. Reinforcement can be achieved either by increasing the initial sheet 
thickness or by using materials with higher strength [1]. Furthermore, locally adapted semi-
finished products, such as tailored rolled blanks [2] can be used. 

In order to relief the force transfer zone, the stress state can be influenced. Wu et al. [3] found 
that the formability of a sheet metal can be increased by superimposing a hydrostatic pressure on 
the material. In hydromechanical deep drawing, additional compressive stresses are realised by 
means of an active medium [4]. However, this is associated with significant higher tool costs and 
increased regulatory expenditure compared to conventional deep drawing, as it requires the 
integration of complex process technology into the tool set up. 

Petzold and Otto [5] extended a deep drawing process by generating material flow from the 
outer part of the flange towards the developing cup. During forming, the material from the edge of 
the workpiece is pushed forward by a mechanical force, which is applied by a compression ring. 
In experimental tests, a significant increase in the applicable drawing ratio could be achieved. In 
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addition, the reduction of the sheet thickness at the transition zone between the bottom and the 
wall could be reduced compared to conventional deep drawing. 

Another possibility is deep drawing with a counter punch, where an additional punch is 
integrated into the conventional tool structure, which applies a force perpendicular to the bottom 
or both the bottom and the radius of the deep drawn cup. Morishita et al. [6] investigated the effect 
of a counter punch during deep drawing of tailored blanks, in which centrally welded blanks of 
different materials were deep-drawn into square cups. Experimental tests showed that the 
activation of a counterforce enables an increase in the achievable drawing height. While a cup 
height of less than 30 mm could be achieved in conventional deep drawing, a counterforce of 
100 kN made it possible to produce cups with drawing heights of up to 60 mm without fracture. 

A further investigation was carried out by Behrens et al. [7], where a counter punch was used 
during deep drawing of two high-strength steels HX340LAD and HCT600X. The counterforce 
was applied at the bottom and the radius of rectangular cups. It was found, that higher limiting 
drawing ratios can be achieved with the additional counter force, thus leading to an extension of 
the process window. Furthermore, in a recent study [8], deep drawing was performed with a flat 
counter punch which applies pressure only in the bottom of the cup. The extension of the process 
limits was achieved by higher applicable blank holder forces, which increased by 14.3% for 
HX340LAD and 17.9% for HCT600X. Additionally, the process was simulated and validated 
using the FE-software Abaqus to investigate the effect of the counter force, which was defined as 
a surface pressure field on the bottom of the cup. It was found that the stress state slightly shifts to 
lower stress triaxialities, thus allowing higher deformations to be reached. 

Based on the aforementioned literature, this research investigates the influence of the counter 
punch numerically to evaluate the effect of the force on the stress state in the bottom of the cup 
and derive further optimisation potentials for industrial processes. For this purpose, deep drawing 
of two high-strength steels HX340LAD and HCT600X with and without the activated counter 
punch are simulated and the influence of varying process parameters on the fracture initiation is 
evaluated. In this study, the counter punch will be modelled as a deformable body instead of a 
pressure field, so that the friction to the workpiece is taken into account. 
Materials and Methods 
In order to investigate the influence of the superimposed force on fracture initiation, the deep 
drawing process was numerical depicted in Abaqus/Explicit. Fig. 1 a) shows the process set up. 
The tool system consists of a punch, a blank holder and the forming die, which were modelled as 
ideal rigid bodies and meshed with shell elements with an element edge length of 1.5 mm. For the 
application of the blank holder force, a uniform surface pressure was defined. With a thickness of 
1 mm and initial dimensions of 281 mm x 213 mm, the sheet is formed to a final size of 
160 mm x 80 mm, which corresponds to a deep-drawing ratio of 1.9. For the sheet, hexahedral 
elements with an element edge length of 1.5 mm were used, which were refined to 0.5 mm in the 
area of the bottom of the final cup. The forming punch moves with a constant velocity of 10 mm/s 
for a drawing depth of 55 mm. For the contact between the tools and the workpiece, a friction 
coefficient of 0.05 was defined on the basis of a previous study [9]. To minimize the computational 
effort, mass scaling with a factor of 100 and a time scaling factor of 10 were applied. Exemplary 
simulations with and without scaling were carried out for both materials to ensure that the 
application of the scaling factors has no significant influence on the results. 
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Fig. 1: Deep drawing model with a) flat counter punch and b) counter punch with radius 

For the counter punch, which is located below the forming die, shell elements with an element 
edge length of 1.5 mm were used and an elastic material model with a Young's modulus of 
210 GPa and a Poison’s ratio of 0.3 was adopted. An ideal rigid behavior was not applicable, since 
numerical instabilities occurred when the sheet metal came in contact with the counter punch. The 
counterforce was induced by means of a surface pressure on the counter punch. In the experimental 
tool set up, the counterforce of 15 kN is applied by a gas pressure spring. Additional counterforces 
of 30 kN and 60 kN were defined in the numerical simulation to analyse the influence of the 
applied force. Moreover, the position of the counter punch was varied, so that it comes into contact 
with the sheet metal after a distance of df = 0 mm, 12 mm and 19 mm. At a distance of 12 mm, the 
flat counter punch is located directly under the die, which is shown in Fig. 1 a). Furthermore, a 
simulation was carried out in which the counter punch was designed with a radius to extend the 
contact area, which can be seen in Fig. 1 b). Due to the radius, however, the counter punch can 
only come into contact with the workpiece after a distance of at least dR = 19 mm. Table 1 
summarises the investigated process and geometrical parameters. 

Table 1. Investigated parameters 

Material Blank holder 
force [kN] 

Counter force 
[kN] Distance [mm] Counter punch 

geometry 

HX340 320 
15, 30, 60 12 Flat 

15 0, 12, 19 
19 Flat, Radius 

HCT600 230 
15, 30, 60 12 Flat 

15 0, 12, 19 
19 Flat, Radius 

For the material modelling, elastic-plastic models of the high-strength steels HX340LAD and 
HCT600X were defined. The data was determined in a previous study by means of tensile and 
hydraulic bulge tests [9]. To model the flow curve, the approach of Gosh was chosen for 
HX340LAD and a combined approach of Swift and Hocket-Sherby for HCT600X, since these 
approaches ensured the best approximation of the experimental data. In addition, the flow criterion 
according to Hill’48 [10] was defined for both steels. The yield loci and flow curves with the 
corresponding model coefficients are shown in Fig. 2. 
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Fig. 2: Yield loci a) and flow curves b) for HX340LAD and HCT600X according to [10] 

In order to predict the initiation of fracture during forming, the damage behaviour was modelled 
using the Modified Mohr-Coulomb (MMC) criterion [11], where the equivalent plastic strain at 
fracture 𝜀𝜀plf  is defined depending on the stress triaxiality 𝜂𝜂, normalised Lode angle 𝜃̅𝜃, strain 
hardening exponent 𝑛𝑛 and the material specific constants 𝐴𝐴, 𝑐𝑐1, 𝑐𝑐2, 𝑐𝑐Θs , 𝑐𝑐Θax: 
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The MMC criterion was chosen because its applicability was proven for various ductile 
materials, such as aluminium alloys and high-strength steels [11]. Furthermore, the applicability 
for the materials considered in this research was verified in a previous study [12]. Therefore, tensile 
tests with butterfly specimens were carried out to determine the material specific constants. A 
special tooling system was used, which enables the variation of the force direction prior each test. 
This allowed different stress states ranging from shear to uniaxial tensile to be induced in the centre 
of the butterfly specimens. Afterwards, numerical simulations were used to evaluate the damage 
parameters 𝜀𝜀plf , 𝜂𝜂 and 𝜃̅𝜃 at the onset of fracture to calibrate the model parameters 𝐴𝐴, 𝜂𝜂, 𝑐𝑐1 and 𝑐𝑐2 
by the least square method. For the parameters 𝑐𝑐Θs  and 𝑐𝑐Θax, the default values of one were assumed 
analogous to [11]. The resulting parameters are summarised in Table 2. 

Table 2. Parameters of the used MMC criterion [13] 
 𝐴𝐴 𝑛𝑛 𝑐𝑐1 𝑐𝑐2 

HX340 713.0 0.165 0.208 401.934 
HCT600 1018.6 0.143 0.166 560.033 

In the simulation of deep drawing, the damage variable D is evaluated to predict the onset of 
fracture. D increases monotonically with the plastic strain 𝜀𝜀pl according to Eq. 2. 

𝐷𝐷 =  ∫
𝑑𝑑𝜀𝜀pl
𝜀𝜀pl
f  (2) 

Material damage is present, when D reaches or exceeds the value of 1. The evolution of damage 
or the deletion of elements after failure is not taken into account in this study. 
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Results 
In order to validate the location of crack initiation, experimental deep drawing tests were carried 
out. As mentioned earlier, the experimental procedure is presented in detail in [8]. Fig. 3 a) shows 
an experimental cup made of HX340LAD, which was formed with a blank holder force of 320 kN 
and without a counter punch. In b), the numerical distribution of the damage variable D is shown. 
In the simulation, material damage is visible in the corner of the cup, where the damage variable D 
exceeds the value of 1 and is marked grey. Since no elements are deleted after failure and no 
fracture evolution is taken into account, the crack does not spread as intensively as in the 
experiment over the side of the cup. Nevertheless, the damage criterion provides good agreement 
with the experimental results regarding the location of fracture initiation in the corner of the cup. 

 
Fig. 3: Results without counter force: a) experimental cup made of HX340LAD with a blank 

holder force of 320 kN and b) distribution of damage from the simulation 
In the next step, the experiment and simulation were carried out again with the flat counter 

punch at a distance of 12 mm and an applied counter force of 15 kN, while aforementioned 
parameters were kept constant. Fig. 4 compares an experimentally formed component with the 
numerical result of the simulation with a counter force of 15 kN. 

 
Fig. 4: Results with activated counter force of 15 kN: a) experimental cup made of HX340LAD 

with a blank holder force of 320 kN and b) distribution of damage from the simulation 
It can be clearly seen, that the experimental component could be formed without any formation 

of cracks. Furthermore, no material damage is predicted by the simulation, which can be attributed 
to the influence of the counter punch. In order to evaluate the effect of the counter force more 
precisely, the course of the plastic strain over the stress triaxiality at the corner of the cup is shown 
in Fig. 5 a) for HX340LAD and in b) for HCT600X. Differing from the HX340LAD, a blank 
holder force of 230 kN is used for the HCT600X. Additional simulations with counter forces of 
30 kN and 60 kN were carried out to analyse the influence of the applied force. The results 
represent the mean of 10 elements located in the fracture initiation area. Additionally, the mean 
damage D is indicated for each simulation. 
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Fig. 5: Plastic strain over stress triaxiality depending on the counter force for a) HX340LAD 

and b) HCT600X 
HX340LAD shows higher plastic strains due to a higher applied blank holder force. Thus, the 

effect of the counter punch is more significant than for HCT600X. However, for both materials, 
the increasing counter force leads to a reduction of the maximum plastic strain at the radius of the 
cup. This can presumably be attributed to the restraining frictional force between the sheet metal 
and the counter punch, which prevents the material from exceeding the forming limit and thus the 
formation of fractures. An increase of the counter force and therefore has a positive effect on 
fracture prevention. However, higher counter forces also increase the required press forces, which 
enhances the tool loads and potentially requires larger forming machines. 

In the next step, the influence of the punch position was varied so that the sheet metal would 
come into contact with the counter punch after a distance of 0 mm, 12 mm and 19 mm. Here, the 
flat counter punch with constant force of 15 kN and blank holder forces of 320 kN for HX340LAD 
and 230 kN for HCT600X were applied. The results are shown in Fig. 6. 

 
Fig. 6: Plastic strain over stress triaxiality depending on the punch distance for a) HX340LAD 

and b) HCT600X 
For both materials, the best results are achieved with a distance of the counter punch of 12 mm. 

Shifting the counter punch to a distance of 0 mm does not reduce the resulting plastic strain 
compared to a distance of 12 mm and therefore does not diminish the risk of fractures. This 
concludes that the counter punch has no positive influence in the first phase of forming, when the 
radius of the cup is shaped around the radius of the forming punch. 

Furthermore, if the sheet metal comes into contact with the counter punch after a distance of 
19 mm, a higher increase in plastic strain can be seen, resulting in a closer approach to the forming 
capacity of the materials. It can even be seen that material failure is present for HCT600X, since 
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the mean damage D exceeds the value 1. This leads to the conclusion that the sheet metal should 
come into contact when the bottom of the cup is shaped out, which is in the considered case a 
distance of 12 mm, to achieve an optimal effect on the fracture prevention. 

Finally, the influence of the punch geometry was investigated. For this purpose, the flat counter 
punch was extended by a radius that merges tangentially into the edge of the forming die, which 
is shown in Fig. 1 b). The goal hereby was to increase the contact surface in the corner area of the 
workpiece. Fig. 7 shows the resulting plastic strain over the stress triaxiality and compares it to 
conventional deep drawing without counter force and deep drawing with a flat counter punch at a 
distance of 19 mm. Here, the counter force was again held constant at 15 kN and blank holder 
forces of 320 kN for HX340LAD and 230 kN for HCT600X were applied. 

 
Fig. 7: Plastic strain over stress triaxiality depending on the punch geometry for a) HX340LAD 

and b) HCT600X 
The use of a counter punch with a radius leads to a further reduction of the plastic strain 

compared to a flat counter punch for both materials. This can be attributed to the fact that the 
contact area was extended and the counter force could be applied in the most critical area for 
material damage. Therefore, the use of a counter punch that is geometrically adapted to the 
geometry of the workpiece has a positive effect on the prevention of fractures and thus on the 
extension of the process limits. However, the contact to the sheet metal can only be established 
after 19 mm due to the radius of the counter punch. Hence, similar results can be achieved with 
the flat counter punch, which comes in contact after a distance of 12 mm. 
Summary and Outlook 
In this work, the influence of a counter punch on the formation of cracks during deep drawing of 
two high-strength steels HX340LAD and HCT600X was investigated. It was found that the 
counterforce leads to a reduced plastic deformation in the bottom and radius of the cup and thus 
counteracts the initiation of fractures. As a result, higher blank holder forces and thus higher 
limiting drawing ratios can be achieved, which results in the extension of the process window. By 
means of numerical parameter studies, it was found that the highest influencing factor on fracture 
initiation is the force applied to the counter punch. As a result, the maximum force of 60 kN 
provided the best results in this research. Furthermore, it was found that the counter punch should 
come into contact with the workpiece as soon as the bottom of the cup is shaped, as this results in 
lower damage values compared to an earlier or later contact during the process. A further reduction 
of the damage could be achieved by a counter punch with a radius due to the increased contact 
area. But since the contact to the sheet can only be applied after a distance of 19 mm, only slight 
improvements could be achieved compared to a flat punch, which comes into contact after a 
distance of 12 mm. Therefore, the use of a flat counter punch is preferred in the considered process, 
as it less complex and simpler to implement into the tool system than a counter punch with radius. 
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In future investigations, the use of a counter punch should be applied in an industrial process to 
investigate the extension of the production limits. Furthermore, an economic feasibility study to 
weigh the benefits of the counter punch versus the additional costs due to a more complex tool 
design as well as higher required press forces would be beneficial. 
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Abstract. In this research the potential of using polymer punches in a deep drawing process to 
realize stainless steel cups having diameter equal to 40 mm and drawing depth equal to 18 mm 
was investigated. Punches have been Additive Manufacturing printed following two different 
orientations (horizontal and vertical) and two different wire orientations with respect to the 
drawing direction (45° and 90°). Cups and punches radii, heights, roundness tolerances and linear 
profiles have been acquired to compare process performances. Results highlight benefits and 
problems of all tested punches. 
Introduction 
Nowadays manufacturing paradigm is changing into a production-oriented model to meet 
consumer expectations for a huge variety of products and allows the achievement of ad hoc product 
characteristics (mass customization) [1]. Highly customized production offers unique and very 
low-production-volume products; however, this causes an excessive increase of costs for the 
tooling, consequently customization it is not yet a competitive market. 

In this scenario, the additive manufacturing (AM) process could be a good solution for 
producing tools for prototypes, small batches, or customized production. This technology includes 
a group of manufacturing techniques in which the shape of the physical part is generated by adding 
the material layer by layer [2]. AM technologies are characterized by short setup times, a wide 
range of printable materials for both plastics and metals, and a higher design complexity. 
Currently, there is a great demand for AM technologies to support product development of tooling 
or tooling inserts in different industrial applications such as casting [3, 4], injection moulding [5, 
6] or forming [7, 8]. 

For deep drawing process a specific AM technology, the Fused Filament Fabrication (FFF), 
was tested to produce tools with polylactic acid (PLA) polymer and to deform cold-rolled steel 
sheets such as DC01 or DC04 with a thickness of 0.7–1 mm [9-12]. Results showed that PLA can 
be used to form steels sheets, but the process loads caused the punch flattening so affecting the 
cups drawing radius and height. The main limit is that all tested geometries have been produced 
with punch axis printed parallel to z axis that could be not the best solution for parts that must 
withstand to compression forces. 

The present study focuses on the use of polymers reinforced with short carbon fiber to produce 
tooling for deep drawing applications with FFF technology; in particular the authors tested the 
influence of punches orientation on the print plate and measured punches performance in terms of 
quality of the produced cups and permanent deformation of the punches due to production process. 
An experimental campaign was designed, and a statistical approach has been followed to analyse 
the results. 
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Materials and Methods 
The investigated case study was the deep drawing of a circular blank (Φ 86, 1 mm thick) to produce 
cups with height equal to 18 mm; stainless steel alloy (AISI 304) was used as sheet material. 
Punches have a hollow cylindrical geometry with a central hole designed as a housing for the screw 
needed for the assembly on the press (Fig. 1a). Forming die and blankholder have hollow 
cylindrical geometries too (fig.1b). 45 NiCrMo 16 was selected as material for the forming die and 
blank holder. 
 

 

 

 

(a) (b) (c) 
Fig. 1 Geometry of punch (a), forming die (b) and blank holder (c) 

Punches were produced using an FFF printer Mark Two (Markforged, Watertown, MA, USA). 
A solid filling strategy with two wall layers was adopted, the layer height was set to 0.125 mm. 
Onyx, which is nylon reinforced with carbon microfibers, was used as material and printed at 245 
°C; the other process parameters as nozzle feed or offset distance between layer are blocked and it 
is not possible to change them from the machine governing software. Under these conditions three 
different punches have been designed as a function of the orientation on the printing plate and of 
the wire orientation inside the parts. In particular:  

- Geometry H45: punch with axis parallel to the printing plate; wire oriented at 45° and 135° 
to the drawing direction; fillet radius average roughness equal to 7.2 µm. 

- Geometry H90: punch with axis parallel to the printing plate; layer with wire oriented at 
0° and 90° to the drawing direction; fillet radius average roughness equal to 8.1 µm. 

- Geometry V: punch with axis orthogonal to the print plate; layer orthogonal to the drawing 
direction; fillet radius average roughness equal to 12.8 µm. 

Tab.1 lists the mechanical properties of the involved materials. Fig. 2 shows the wires 
orientation in the cross section and punches position on the printing plate. 

Tab.1 Mechanical properties of involved materials 

 Onyx [13] 45 NiCrMo 16 AISI 304 
Young Modulus [GPa] 2.4 284 193 
Tensile Stress at Yield [MPa] 37 696 190 
Tensile Stress at Break [MPa] 40 950 500-700 
Tensile Strain at Break [%] 25 11 40 
Density [g/cm3] 1.2 7.84 8 
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(a) H90 (b) H45 (c) V 

 

(d) left H90, center H45, right V 
Fig. 2 Cross section of polymer punches and orientation on the printing plate. (white for part, 

purple for support, cyan for wall layer) 
 

The press utilized for the experiments was an EVL/400-A (Galdabini, Varese, Italy) with a 
power of 400 tons, the punch speed was set constant and equal to 10 mm/s and the maximum press 
load was equal to 180 kN. The blank-holder load was set to 1 kN (recommended value from the 
industrial practice), the blanks had a thickness of 1 mm and the punch-die clearance distance was 
set to 1.1 mm. The blanks were manually lubricated with mineral oil. Tab.2 reports the most 
significand process parameters. 

 
Tab.2 Deep drawing process parameters 

Punch diameter [mm] 39 
Punch fillet radius [mm] 6 
Forming die internal diameter 41.2 
Forming die fillet radius [mm] 5 
Clearance distance [mm] 0.1 
Drawing ratio 2.2 
Blank diameter [mm] 85 
Blank thickness [mm] 1 
Blank material AISI 304 
Drawing depth [mm] 18 
Replicas 3 

 
After production two different measures have been done both on cups and punches: 
- A linear profile analysis (LP) to acquire the internal shape of the cups, the measures of the 

effective drawing height (hd) and of the cup fillet radius. On the punches the LP was 
executed to identify possible plastic deformations of the fillet radius due to the drawing 
process and evaluate the punch height (hp) after the cups production. 
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- A circular profile analysis (CP) to acquire the internal circumference of the cups at 6 mm 
from the top; these data were used to estimate the average cup radius (Rmed) and cups 
roundness tolerances rt = Rmax - Rmin. The same method was followed for punches CP 
analysis but with two acquisitions: a first one in the forming zone (6 mm from the punch 
top) and a second one 15 mm from the top to investigate if the forming process affect 
punches radius and roundness. 

Data points were acquired using Cyclone Series 2 equipped with the probe SP620 (Renishaw, 
Wotton-under-Edge, UK). Results have been compared with statistics methods as ANOVA and 
Tukey range test. Fig.3 shows a scheme of the LP and CP measuring points. 

 

 

 

(a) cup cross section (b) punch 
 

Fig.3 Graphical representation of linear and circumferential profiles acquired 
Results 
In this section the most significant results have been reported; the analyses have been divided in 
two subsections referring to the cups and punches, respectively. 

Cups analysis. The main results of the measures executed on the cups produced with H45, H90 
and V punches are reported in Fig. 4. Specifically, fig.4a shows the LP of cups produced with 
additive punches, as can be observed similar trend was achieved by test H90 and V, on the contrary 
cups produced by test H45 are characterised by higher fillet radius. Fig. 4b shows a focus on the 
cup fillet radius. The ANOVA test evaluated on the drawing height shows a significative effect of 
punch orientation (p-value < 0.001) and Tukey range test highlights that test V produces cups with 
lower drawing height (Fig. 4c). The ANOVA test of cup radius present a p-value equal to 0.021 
so that punch orientation is significative; Tukey range test identified three different cup radius 
levels with a maximum in test H90 and a minimum in test V (Fig. 4d). Tab.3 presents the average 
cup radius and the related standard deviation, drawing height and the roundness tolerances; about 
rt it is possible to observed that is maximum in test H90 and minimum in V. Moreover, test H90 
and H45 have higher cup radius standard deviation (0.150 and 0.148) with respect to test V (0.131). 
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(a) Cups LP (b) Cups fillet radius LP 

  

(c) Drawing height Tukey results (d) Cup radius Tukey results 
Fig. 4 Main results of cups analysis 

Tab.3: average cup radius, standard deviation, roundness tolerances, drawing height 

Test Rmed [mm] σ [mm] rt [mm] hd [mm] 
H90 19.96 0.053 0.150 17.65 
H45 19.95 0.048 0.148 17.65 
V 19.92 0.041 0.131 17.29 

 
Punch Analysis after deep drawing process. Results obtained from the punches analysis after 

drawing highlight that the process affects tools dimensions. Fig. 5a shows how both distance from 
top and test configuration are significant for the punch radius; as reported in Fig. 5b punch radius 
far from the forming zone (distance 15 mm) is quite similar for all tested geometries, on the 
contrary close to the fillet radius (distance 6 mm) the radius reaches lower values for the horizontal 
tests (H90). The loss of accuracy of horizontal punches is confirmed by Fig. 5c where a 
magnification of ¼ CP is plotted. These results are also reported in Tab. 4: test H90 has lower 
punches radius equal to 18.93 ± 0.49 mm at a distance of 6 mm from the top, moreover it has the 
higher roundness error (1.50 mm at 6 mm for top and 1.14 mm at 15 mm). Punches produced with 
axis parallel to z (V) are characterised by lower radius reduction on the fillet radius (19.3 ± 0.1) 
and lower roundness tolerances (0.4 mm for distance equal to 6). The LP analysis presents a better 
behaviour for vertical punches with respect to the horizontal ones. Fig. 5d shows a magnification 
of LP with a focus on the punch fillet radius: in this zone a similar trend could be registered for 
test V and H45 while test H90 has a higher fillet radius and lower punch height. This trend is 
confirmed by the values reported in Tab.4. 
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(a) punches radius ANOVA (b) comparison between measured punches 
radius at different distance from the punch top 
(dtop) 

  

(c) quarter CP of punches (d) LP of punches fillet radius 
Fig. 5 Main results of punches analysis 

Tab.4 Average punch radius with standard deviation, roundness tolerances, height 

Test Distance from top [mm] Rmed [mm] σ [mm] rt [mm] hp [mm] 
H45 6.0 18.98 0.230 0.980 39.8 H45 15.0 19.48 0.185 0.762 
H90 6.0 18.93 0.495 1.502 39.3 H90 15.0 19.60 0.294 1.140 
V 6.0 19.28 0.100 0.402 39.7 V 15.0 19.58 0.057 0.256 

Conclusion 
In this research the authors investigated the influence of punch orientation on the printing plate 
produced by FFF technology. The results showed different trends for the tested geometries, in 
particular: 

- Punches produced with axis parallel to z axis (test V) realise cups with lower drawing 
height, cup radius and cup roundness tolerances; the compression induced by the drawing 
process reduces punch height and generates a moderate diameter increase (punch radius is 
19.5 mm while cup radius is 19.92 mm). This result is confirmed by the punch analysis 
that identify test V as the best in terms of minimum variation of punch radius acquired at 
different distances from the top, minimum punch roundness tolerances and higher punch 
height.  

- Punches with horizontal axis and wire orientation at 45° and 135° with respect to the 
drawing direction (test H45) produced cups having higher heights, linear profile equal to 
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test V but higher cup radius and roundness tolerances. Punch analysis highlights a 
permanent deformation that increases fillet radius as it can be observed by the linear profile 
even if the punch height is coherent with test V (fig.5d). A significant difference can be 
found observing the radius measured at 6 and 15 mm from the top as shown in fig.5b with 
a roundness tolerance that reaches 0.98 and 0.76 mm, respectively. 

- Punches with horizontal axis and wire orientation at 0° and 90° with respect to the drawing 
direction (test H90) realise higher cup drawing height but larger cup radius, cup roundness 
tolerances and from their linear profile it is possible to observe an increase of cup fillet 
radius compared to test H45 and V. Punch analysis shows results similar to test H45 but 
with higher punch roundness tolerance (1.5 mm). 

Summarising all the results it is possible to assert that the punch orientation on the printing plate 
affects punch performance during deep drawing; horizontal punches guarantee higher drawing 
height but less accuracy in terms of cup radius and permanent punch deformation. On the contrary 
vertical punches guarantee closer roundness tolerances, more accurate profiles but lower drawing 
height. Future researches are ongoing to evaluate the punches behaviour when the number of 
produced cups increases. 
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Abstract. Organosheets combine the advantages of reinforcement fibers and thermoplastic 
polymers. By pairing these two materials, composites with outstanding mechanical properties and 
low densities can be produced. These semi-finished products can be further processed into 
complex and functionalized components by thermoforming or injection molding. There are a 
number of different manufacturing processes for continuous fiber reinforced thermoplastics 
(CFRT), however, most of them require long production times and recurrent melting of the 
polymer resulting in high energy and manufacturing costs. This study presents a novel extrusion 
process, that enables a continuous production of reinforced thermoplastic sheets with only one 
melting step. Due to the high energy efficiency and wide range of processible materials, this 
process shows a high potential for an economical production of CFRT. To investigate the extrusion 
process in more detail, the influence of the processing and the flow behavior of the polymer on the 
impregnation quality and the mechanical properties of the composites were studied. The results 
showed increasing fiber volume contents with lower polymer viscosities. Furthermore, higher die 
temperatures and pressures resulted in higher fiber volume contents and thus in higher mechanical 
properties. The experiments also revealed that a complete impregnation can currently not be 
achieved without an additional small double belt press due to the line load of the calender, the high 
viscosity of the melt and the short impregnation time. 
Introduction 
Organosheets – continuous fiber reinforced thermoplastics (CFRT) – are semi-finished flat sheets 
that consist of continuous reinforcement fibers and a thermoplastic matrix polymer. The promising 
material class provides excellent weight specific mechanical properties [1] and can be recycled in 
contrast to conventional thermoset composites [2]. Due to their suitability for circular economy 
and the applicability of renewable and biobased fibers and polymers, continuous fiber reinforced 
thermoplastics enable sustainable lightweight construction [3]. Organosheets can be melted 
repeatedly [4] and further processed in highly automated mass production processes such as 
injection molding, thermoforming or other joining technologies [4]. 

Despite their high lightweight potential [2] and the wide range of well-suited processing options 
[5], organosheets have not yet been established on the market [6]. The main reason is the high 
price of the reinforced sheets [6], which is caused by high costs for the textiles [4], limited 
throughputs of common manufacturing processes [7]  and intense energy consumption during the 
production [8]. To increase the economic attractiveness of the continuous reinforced thermoplastic 
composites new energy- and cost-efficient manufacturing processes must be developed [9]. In 
recent years, there have already been increasing efforts to optimize the production speeds of the 
conventional processes [5]. However, until now, the industrial usage of organosheets remains 
hampered by their high prices.  
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One approach to reduce the costs during the manufacturing of CFRT is the reduction of 
processing and melting steps. State of the art are continuously or semi-continuously working 
presses that process plastic films or powder pre-impregnated fabrics [4]. These films have to be 
extruded or granules must be milled into powder prior to the production of the reinforced sheets. 
In a subsequent process step the semi-finished plastic product is molten again in a press and the 
impregnation occurs. First, macro-impregnation takes place and the voids between the fiber 
bundles are filled with melt. Due to the small gaps between the individual fibers, the wetting of 
the individual filaments – the micro-impregnation – occurs after the completion of the macro-
impregnation. Finally, the thermoplastic composite is cooled and solidifies. 

In contrast to the state of the art, the extrusion process enables a continuous impregnation of 
the reinforcement textile with only one melting step. The thermoplastic granules are molten by an 
extruder and are directly applied onto the dry fabric. Additionally, due to the direct processing of 
the granules, the process is suited for a wide variety of materials.  

Several publications already discussed the influence of the process parameters such as pressure 
or temperature on the impregnation quality and the mechanical properties of organosheets. 
However, in these studies, only conventionally used presses were considered. Due to the line load 
between the calender rolls the extrusion process cannot be directly compared to these 
manufacturing processes and the existing models cannot be applied to describe the matrix flow 
into the fiber bundles.  
Materials 
Three different polypropylenes (PP) were investigated. The three polymers are typically used for 
injection molding and had comparable densities, melting and crystallization temperatures (Tab. 1). 
Differential scanning calorimetry (DSC 204 F1 Phoenix, NETZSCH-Gerätebau GmbH, Germany) 
with a heating rate of 20 K/min was used to determine the melting and crystallization temperatures. 

Tab. 1 Overview of the polymers used in this work 

 Borealis® BC612WG Ducor DuPure® 
SR76 

Ineos Rigidex® 450-
HP90 

Melt flow rate  
(230 °C / 2.16 kg, 
ISO 1133) 

5 g/10 min 15 g/10 min 90 g/10 min 

Melting temperature 175.4 °C 176.4 °C 175.4 °C 

Crystallization 
temperature 106.1 °C 110.3 °C 119.3 °C 

As can be seen in Tab. 1, the major difference between the polymers is the melt flow rate. To 
assess the different flow behavior in more detail, a rotational rheometer (Modular Compact 
Rheometer MCR 302, Anton Paar GmbH, Germany) with a cone-plate setup was used. The 
viscosity data for the different temperatures, shear-rates and polymers are shown in Fig. 1. All 
investigated polymers show a pronounced newtonian plateau and a shear thinning behavior at 
higher shear rates. Since shear rates below 100 1/s usually occur during calendering, it can be 
expected that the different viscosities at low shear rates influence the impregnation [9]. 

A glass fiber textile (style number 92130), supplied by Porcher Industries Germany GmbH, 
with plain weave was used in all experiments. The warp consisted of five 68 tex rovings and the 
weft of one 272 tex roving. The rovings consisted of e-glass filaments with a 9 μm diameter and 
had an areal weight of 390 g/m². The fabric was coated with a volan chromium complex finish 
(FK144) und had a finish content between 0.08 and 0.28%. 
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(a) (b) 

Fig. 1 Viscosity data for different temperatures (a) and polymers (b) 
Experimental 
The aim of this work was to investigate the potential of the extrusion process for the manufacturing 
of CFRT and to determine the influences of the flow behavior of the matrix polymer and the 
processing on the quality of the reinforced sheets. With the extrusion process, shown in Fig. 2, the 
polymer is applied directly onto the dry fabric and converted into a reinforced sheet. The granules 
are molten by a co-rotating twin-screw extruder. A melt pump separates the melt stream into two 
streams and ensures a consistent output. In the extrusion dies the melt is evenly spread and applied 
to both sides of the reinforcement textile to minimize the impregnation length. Due to the pressure 
of the calender rolls, the melt infiltrates the fabric and the macro impregnation between the rovings 
takes place. Because of the short impregnation time and the line load between the calender rolls, a 
complete micro-impregnation does not occur at this stage. An additional small double belt press 
can be used to ensure a complete wetting of all filaments. In contrast to the conventionally used 
double belt presses, this press only requires a reduced heating power, as the pre-impregnated 
organosheets enters the machine at an elevated temperature.  

 

 
Fig. 2 Schematic of the developed extrusion line [10] 

The focus of this study is the influence of the process and material parameters on the quality of 
the CFRT after the impregnation between the calender rolls. The key components of the extrusion 
line and the design of the extrusion dies are illustrated in Fig. 3. The dies are positioned directly 
in front of the calender rolls to minimize the temperature loss until the impregnation of the fabric. 
Furthermore, the position above the calender prevents an uneven influence of gravity on the melt. 
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The two dies have an identical, but mirrored design and redirect the melt before the stream exits 
the die to minimize the distance to the fabric.  
 

 
(a) (b) 

Fig. 3 Impregnation of the fabric (a) and design of the extrusion dies (b) [10] 
In the conducted experiments a full factorial experimental plan was used and the die 

temperature and the pressure of the hydraulic cylinders driving the calender rolls were varied in 
two stages. The temperature was varied between 225 and 275 °C, while a hydraulic pressure 
between 5 and 9 MPa was used during the experiments. Furthermore, the center point of the 
experimental plan (250 °C, 7 MPa) was investigated to identify non-linear relationships. The 
material used was Ducor DuPure SR 76. 

The influence of the flow behavior on the quality of the CFRT was investigated using three 
different matrix polymers (Ducor DuPure SR76, Borealis BC612WG and Ineos 450-HP90) at the 
same operating point. For the comparison of the materials, the center point of the full factorial test 
plan was selected with a hydraulic pressure of 7 MPa and a die temperature of 250 °C.  

The haul-off speed and the extruder throughput were kept constant at 1.2 m/min and 3.1 kg/h 
in all experiments of this study. Previous studies showed that these two parameters have the 
greatest influence on the fiber and void volume content, as they directly affect the matrix-fiber-
ratio [10]. However, it has been found that the impregnation quality is not influenced by these 
parameters [10]. The extruder temperature and the temperatures of the heated hoses were kept 
constant in all experiments, to prevent a thermal degradation of the matrix polymer.  
Characterization 
The impregnation quality of the obtained composites was evaluated by determining the fiber and 
void volume content. The combination of fiber and void volume content essentially defines the 
resulting mechanical properties of fiber reinforced composites for a given fiber orientation [11]. 
For each experiment ten rectangular specimens with the dimensions of 40 mm x 20 mm were cut 
out from the center of the composite and evaluated. Samples were taken every 500 mm along the 
haul-off direction. The weight and the density of the samples were measured with a laboratory 
balance (Sartorius MSU224S, Sartorius AG Germany, Germany). The burn-out test was carried 
out in a muffle furnace at 550 °C for a duration of 45 minutes. After the complete thermal 
decomposition of the resin, the weight of the fibers 𝑚𝑚𝑓𝑓 was determined and the fiber volume 
content 𝑣𝑣𝑓𝑓 was calculated according to equation 1. 
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𝑣𝑣𝑓𝑓 =
𝑤𝑤𝑓𝑓
𝜌𝜌𝑓𝑓
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 + 
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𝑚𝑚𝑓𝑓 𝑚𝑚𝑐𝑐⁄

𝜌𝜌𝑓𝑓
𝑚𝑚𝑓𝑓 𝑚𝑚𝑐𝑐⁄

𝜌𝜌𝑓𝑓
 + 

1−𝑚𝑚𝑓𝑓 𝑚𝑚𝑐𝑐⁄

𝜌𝜌𝑚𝑚

.  (1) 

Where 𝑤𝑤𝑓𝑓 is the fiber mass content, 𝜌𝜌𝑓𝑓 and 𝜌𝜌𝑚𝑚 are the densities of the fibers and the matrix and 
𝑚𝑚𝑐𝑐 is the mass of the composite. With knowledge of the density of the composite 𝜌𝜌𝑐𝑐 the void 
volume content 𝑣𝑣𝑣𝑣 was calculated according to DIN EN 2564. 

𝑣𝑣𝑣𝑣 = 1 − �𝑤𝑤𝑓𝑓 ∙
𝜌𝜌𝑐𝑐
𝜌𝜌𝑓𝑓

+ �1 −𝑤𝑤𝑓𝑓� ∙
𝜌𝜌𝑐𝑐
𝜌𝜌𝑚𝑚
� = 1 − �𝑚𝑚𝑓𝑓

𝑚𝑚𝑐𝑐
∙ 𝜌𝜌𝑐𝑐
𝜌𝜌𝑓𝑓

+ �1 − 𝑚𝑚𝑓𝑓

𝑚𝑚𝑐𝑐
� ∙ 𝜌𝜌𝑐𝑐

𝜌𝜌𝑚𝑚
�.  (2) 

Furthermore, tensile tests were conducted based on DIN EN ISO 527-4 (test specimen geometry 
type 2b). Ten rectangular specimens with the dimensions 250 mm x 25 mm were again cut out 
from the center of the composites every 500 mm for each experiment. All mechanical tests were 
performed in warp direction using a universal testing machine (Shimadzu SFL-50KNAG, 
Shimadzu Corp., Japan). All tests were performed at room temperature and at a constant testing 
speed of 5 mm/min.  
Results and discussions 
Fig. 4 shows the influence of the matrix polymer on the resulting fiber and void volume content. 
The comparatively high viscosity of the Borealis BC612WG results in a lower fiber volume 
content of 36%. The two polymers with a lower viscosity and therefore better flow show a higher 
fiber volume content around 40%, a further improvement with decreasing viscosity could not be 
determined. When examining the void volume content, no significant influence could be observed 
due to standard deviations around 1%. Although a higher fiber volume content can be achieved 
due to the better flow, the lower viscosity does not lead to a significant improvement of the void 
volume content or a better micro-impregnation. This observation may be attributed to the short 
impregnation duration while calendering. Due to the cooled calender rolls, the matrix polymer 
solidifies within a short time. 

 

 
(a) (b) 

Fig. 4 Fiber (a) and void volume content (b) for different matrix polymers 
The influence of the process parameters pressure and die temperature on fiber and void volume 

content are illustrated in Fig. 5 for Ducor SR76. Both parameters show a significant influence on 
the fiber volume content, while only the die temperature has a significant influence on the void 
volume content. The interactions between the two parameters were not significant. The statistical 
investigation was carried out with an error probability of 1%. 
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Fig. 5. Effects of die temperature and pressure on fiber and void volume content 

A closer look at Fig. 5 shows that the change in pressure has the most distinct effect on the 
resulting fiber volume content, while a higher pressure does not significantly affect the void 
volume content. An increase in pressure from 5 to 9 MPa leads to a linear increase of 2.5% in fiber 
volume content. Contrary to the findings in the literature, a higher die temperature results not in a 
better impregnation [12], but in both a higher fiber and void volume content. A linear relationship 
can be observed for fiber and void volume content. At first impression, the higher melt temperature 
and consequently lower viscosity, as can be seen in Fig. 1, should also lead to a better impregnation 
and a lower void volume content. However, it turns out that during extrusion, the viscosity also 
affects the extrusion width. Due to the increased flow and the later solidification of the polymer, a 
wider melt film is formed in front of the calender rolls, which leads to a higher extrusion width. 
This reduces the matrix volume in the center of the composite, which results in an increase in the 
void volume content for identically sized pores. The change in fiber and void volume content is 
therefore primarily attributed to the changed dimensions and not to better impregnation. Since the 
width of the extruded sheets also increases at higher pressure, the effects of better impregnation 
and higher width seem to compensate each other.  

The fact that changes in fiber and void volume content primarily results from the changed 
dimensions and not from changed impregnation can be confirmed when analyzing the relationship 
between extruded width and fiber volume content. Fig. 6 shows the fiber volume content in context 
to the normalized width, which corresponds to the ratio between extruded width and die width. 
Regardless of the material investigated, process and material parameters, which result in a larger 
extruded width due to better flow behavior and later solidification, also lead to a higher fiber 
volume content. A linear correlation between the width and fiber volume content can be identified. 
 

14

14,25

14,5

14,75

15

3 5 7 9 11
Pressure [MPa]

Corner points
Center point

15.00

14.75

14.50

14.25

14.0037

38

39

40

41

3 5 7 9 11
Pressure [MPa]

Corner points
Center point

37

38

39

40

41

200 225 250 275 300
Die temperature [°C]

Corner points
Center point

14

14,25

14,5

14,75

15

200 225 250 275 300
Die temperature [°C]

Corner points
Center point

Vo
id

vo
lu

m
e

co
nt

en
t[

%
]

Vo
id

vo
lu

m
e

co
nt

en
t[

%
]

Fi
be

r v
ol

um
e

co
nt

en
t[

%
]

Fi
be

r v
ol

um
e

co
nt

en
t[

%
] 15.00

14.75

14.50

14.25

14.00

15.00

14.75

14.50

14.25

14.00



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 345-352  https://doi.org/10.21741/9781644902417-43 

 

 
351 

 
(a) (b) 

Fig. 6. Definition of the normalized width (a) and correlation between normalized width and 
fiber volume content (b) 

The results of the mechanical characterization show a dependency of the mechanical properties 
on fiber volume content (fig. 7). Deviations can be attributed to the different mechanical properties 
of the polymers and slightly varying void contents and fiber waviness of the specimens. 

 
(a) (b) 

Fig. 7. Tensile strength (a) and tensile modulus (b) as functions of the fiber volume content 
The tensile strength ranges from 120 MPa to 137 MPa, while the tensile modulus ranges from 

11.4 to 12.3 GPa. A higher fiber volume content leads to both a higher tensile strength and modulus 
concurrent to the rule of mixtures. Compared to fully impregnated and consolidated organosheets 
[1], the extruded CFRT show around 33% lower mechanical properties. This can partially be 
attributed to the respective fiber volume contents. Additionally, the void volume contents of the 
extruded CFRT are higher and the impregnation is incomplete. Due to entrapped air in the fiber 
bundles, the force transmission between the fibers is disturbed, leading to premature failure. 
Further, the individual fibers are not perfectly aligned during the mechanical testing as a slight 
displacement of the fibers can occur during the extrusion. Previous investigations suggest that 
sizing and adhesion promoters also have a significant influence on the mechanical properties [2]. 
Conclusions 
This study demonstrates the high potential of the extrusion process for the continuous production 
of CFRT. The extrusion enables an energy-efficient and economically reasonable manufacturing 
of pre-impregnated sheets by sparing one melting step. Due to the short line load between the 
calender rolls, fiber impregnation is still incomplete, even with low viscosity polymers. The 
investigations of process parameters showed that higher pressures and processing temperatures 
lead to increased fiber volume contents. Varying flow behavior and pressure, influences the melt 
film before the calender rolls and the width of the composites. Both tensile modulus and -strength 
tend to increase with higher fiber volume contents. Compared to fully impregnated organosheets, 
the extruded and not completely consolidated composites still have lower mechanical properties 
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even at a high fiber volume content of 40%. To achieve complete impregnation, an additional 
small double belt press can be used, which can be operated with reduced heating power. Due to 
their lower costs, the pre-impregnated sheets might be able to bridge the price and performance 
gap between short fiber reinforced injection molded parts and fully impregnated sheets.  
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Abstract. Recent advances towards patient specific, Titanium sheet based medical implants 
introduce a new challenge for the fixation of these implants to bones. Mainly the use of locking 
screws requires an implant thickness of approximately 2 mm for screw thread formation. Friction 
drilling is a hole-making process that displaces material to create a bushing below the sheet rather 
than extracting material. Screw thread can be formed in this bushing for the medical locking 
screws. This experimental study explores the influence of axial force, rotational speed and 
workpiece temperature on the bushing formation during friction drilling of Titanium grade 2 
sheets. Finally, the influence of the optimal parameters on the material hardness is characterized. 
Introduction 
The shift towards patient tailored medical care has been tangible in the advances made in research 
towards patient specific plate osteosynthesis. Vancleef et al [1] have studied the potential of 
custom thin-walled implants for clavicle bone reconstruction. Benefits were identified on 
improved anatomical alignment of bone fragments, due to a better fit, while the reduced implant 
thickness results in less soft tissue irritation. Although thin-walled implants can reduce irritation 
and eliminate a potential secondary operation for implant removal, a reduced plate thickness poses 
a challenge towards plate fixation. While conventional osteosynthesis screws are countersunk in 
the implant, locking head screws use a threaded head to create angular stability to the bone 
fragments (Fig. 1). 

 

 
Fig. 1. Medical implant fixation through (a) conventional screws, (b) locking screws [2]. 

 
Commercial osteosynthesis locking screws have a head height of approximately 2 mm fitting 

the current commercial clavicle plates with a thickness varying from 2.3 to 3.4 mm. Vancleef et al 
[1] have shown, however, that patient specific plates of 1.5mm average thickness suffice to bear 
the loads acting on the broken bone. Thinner plates with varying thickness throughout the plate, 
even down to 1mm, are subject of ongoing research. 

Friction drilling, a chip-less hole making process, provides an interesting solution to increase 
plate thickness at the fixation points. The process deforms the workpiece material through friction 
between the conical rotating tool and the sheet, instead of removing it. The resulting upwards 
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formed boss and downwards formed bushing can have a combined height up to four times the 
initial sheet thickness [3]. 

This process was first proposed/described in 1923 by Jan Clause de Valliere but could only be 
put into practice 60 years later through the development of Tungsten Carbide (TC) tools.[4]. Since 
the first experiments, research has been focusing on improving the emerging geometry of bushing 
and hole through optimizing process parameters. More specifically the bushing quality can be 
quantified by its height and thickness and occurrence of cracks and petal formation. Ozler et al. 
[5] concluded that an increased rotational speed of the drill (ω) increases the temperature and thus 
lowers the yield stress, resulting in a lower thrust force. A longer bushing height is accompanied 
by a thinner bushing and reduced petal formation as a result of the increased forming temperature.  

Most research has been performed using a constant feed rate (f), letting the thrust force vary 
throughout the different stages of friction drilling a hole [6]. The contact time between drill and 
sheet reduces with increased feed rate, resulting in a higher thrust force and tool torque. An 
increased roughness, shortened but thicker bushing and increased petal formation and cracks are 
the main effects on the final hole. [6]. The presented work uses a constant thrust force and thus 
the forming speed varies as the drill sinks through the sheet.  

Friction drilling Titanium is associated with multiple challenges due to its low thermal 
conductivity and high chemical reactivity. Isolating and accumulating the temperature in the 
tool/sheet contact zone results in local melting and extreme long and thin bushings [7]. The high 
workpiece temperature in an oxygen rich environment results in the formation of Titanium oxides 
which drastically increases drill wear through adhesion and abrasion[3]. This publication will 
introduce workpiece pre-heating for Titanium grade 2, in order to reduce the temperature gradient 
throughout the sheet and the required heat flux, generated by friction, for plastic bush formation. 
A more uniform heating eases the superplastic deformation of the material from the sheet into the 
bushing. 
Material and methods 
Titanium grade 2 of 1mm thickness is chosen as workpiece material. It is the most used 
commercially pure Titanium for medical applications due to its excellent strength to weight ratio, 
biocompatibility, lack of magnetic attraction and wide availability.  

 
Table 1. Properties of Titanium grade 2. 

Density [Kg/m³] 4510 
Youngs modulus [GPa] 100 - 105 
Yield strength [MPa] 276 – 400 

Hardness, Vickers [HV] 145 – 165 
Thermal Conductivity [W/(mK)] 16 – 18 

Melting Point [°C] 1670 
 
A 3.7mm friction drill (Flowdrill M04 – 3.7 Long standard) has been used. It is made of tungsten 

carbide in cobalt matrix and has a friction angle of 36°. Berulit 935, is selected as lubricant for its 
high temperature stability, in order to reduce tool wear. It is applied to the tool prior to forming of 
each hole. Moreover, the drill is also cleaned after each use with a steel wire brush to remove 
Titanium adhesion to the tool. 

 
Drilling is performed on an Alzmetal Drill press which allows a wide variety of rotation speeds. 

It is equipped with an actuation disk that allows to attach different weights to provide a constant 
thrust force on the drill. Fig. 2 depicts the experimental platform. 
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Fig. 2. (a) Lab setup and (b) Schematic representation of the friction drilling platform (c) 

Closeup of the friction drill and heating platform. 
 
A custom made heating platform has been mounted on the bed of the table drill in order to pre-

heat the Titanium sheet. The platform is manufactured from S235 JR and is heated by two Vulstar 
1007-26 cartridge heaters. Applying a thermal paste between the platform and heating elements 
ensures that no air gap is present. Insulation layers are applied at the top and bottom of the platform 
to prevent the heat from flowing to the machine. Due to the high thermal inertia, the block is kept 
at constant temperature throughout tests using a PID controller receiving temperature feedback by 
a K-type thermocouple. Interchangable steel clamping plates, with a low thermal capacity, are used 
to clamp the Titanium sheet and can be mounted on the steel heating platform. Fig. 3 shows a CAD 
drawing of the heating platform. An 8mm hole in the clamping plate allows space for the drill to 
penetrate through the sheet while the plate acts as support of the sheet to localise plastic 
deformation. 

 

 
Fig. 3. CAD drawing of the heating platform:  (a) Exploded view, (b) Bottom view. 

Besides a thermocouple to control the heating block temperature, a FLIR Thermovision A20m 
IR camera is set up to monitor the backside of the sheet for temperature verification. A secondary 
thermocouple on the front of the sheet is used to verify the preheating temperature. 

The bushings are analyzed using a Nikon LC 60 Dx laser scanning probe, mounted on a Coord3 
CMM. The resulting point clouds allow to measure the bushing height and thickness. The total 
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hole length, which corresponds to the useful length for thread cutting, is defined as the bushing 
height + the 1mm thickness of the Titanium grade 2 sheet, as described in the materials section. 
The thickness measurement is performed at 1mm from the back of the sheet, thus at a 1mm bushing 
height. As possible cracks or petal formation cause variation of height and thickness along the 
circumference of the bushing, the bushing height is defined as the minimum crack-less height 
measured. The thickness is defined as an average thickness taken along the circumference of the 
1mm mark for the remainder of this paper (Fig. 4). 

 

 
Fig. 4. (a) Dimensions nomenclature for friction drilling in this paper, (b & c) Thickness 

measurement of cold friction drilled hole, (d & e) Thickness measurement of pre-heated friction 
drilled hole. 

 
The formed bushing is used to contain and stabilize locking screws used during operations. This 

requires the bushing to be strong, but still ductile enough to form the thread using roll tapping. 
Micro hardness measurements have been performed along the cross section of the friction drilled 
hole. First the workpiece is cut in half by means of wire electrical discharge machining.  After 
embedding and polishing, a Shimadzu HMV-2000 micro hardness measuring platform is used with 
500gram of weight for indentation. Fig. 5 shows the indent locations along the bushing and the 
sheet surrounding the hole. A total of five indents have been made for each sample respecting the 
proper distance from the side as well as from each other. The indents are measured using a Hirox 
KH-8700 digital microscope. 
 

  
Fig. 5. (a) Locations of indents for hardness measurements, (b) Close-up of an indent. 

 
The thrust force, rotational speed and workpiece pre-heating temperature are considered in a 

factorial analysis varying between two levels. The thrust force is limited on the lower side by a 
lack of penetration while the upper boundary is defined by premature breakage of the bushing. 
Both cases are most stringent limited when no pre-heating is used. Analogously, a lack of 
penetration through lack of heat defines the bottom limit of the rotational speed. The upper limit 
here however is constrained by machine capacity. The table drill used for the experiments has a 
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maximum rotation speed of 2800rpm. Finally, the lower- and upper limit for the variable 
workpiece pre-heating are respectively the room temperature (20°C) and the highest stable 
temperature the described setup can achieve (525°C). Table 2 summarizes the input parameters for 
the factorial analysis. 
 

Table 2 variable levels for factorial analysis 

 Low High 
Thrust force [N] 361 722 
Rotational speed [rpm] 1400 2800 
Temperature [°C] 20 525 

 
Results and discussion 
The factorial analysis focusses on the total hole length, cracks and bushing thickness as responses. 
A minimal total crack-less hole length of 2mm is envisioned in order to contain the total locking 
screw head. Longer bushings are acceptable as they can be ground down to the correct length. The 
thickness should however be as large as possible for structural purposes. 

All experiments were performed 5 times and had a minimal bushing height (Hmin) of 1mm, 
resulting in a total hole length exceeding 2mm. The interval plot in Fig. 6 depicts a 95% confidence 
interval for the minimal bushing height. A trend of increasing bushing height can be observed with 
increasing rotational speed and increasing workpiece pre-heating temperature. Both will increase 
the final total workpiece temperature, improving superplasticity. The effect of increased thrust 
force is however less obvious as rising the thrust force increases the occurrence of cracks. A higher 
thrust force also increases the forming speed and lowers the superplastic effect. 
 

 
Fig. 6. Interval plot of the minimal bushing height. 

As all experiments fit the requirement of minimal 1mm bushing height, the thickness can be 
analysed using Minitab. The Pareto graph shown in Fig. 7 shows the thrust force (F) as most 
significant variable for determining the bushing thickness. It is followed by the workpiece pre-
heating temperature (T), the temperature interaction-thrust force (T·F) and rotational speed (ω). 
The thrust force-rotational speed interaction barely crosses the significance line, while other 
interactions are deemed not significant. 
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Fig. 7. Pareto chart of the standardized effects for the bushing thickness. 

 
An analysis of the significant effects shows a considerable increase in bushing thickness when 

increasing the workpiece pre-heating temperature. This was expected as pre-heating the sheet 
reduces the temperature gradient and aids in increasing the volume of material at elevated 
temperature, which is thus subjected to superplastic forming. An increase of thrust force also has 
a beneficial effect on the bushing thickness and follows earlier observations described in literature 
[5], where an increased feed rate (and accompanying thrust force) resulted in thicker bushings due 
to the increased radial force applied on the material. This, however, also causes shorter bushings 
and an increased probability of crack formation as negative side effects. The rotational speed has 
a reducing effect on the bushing thickness due to increased temperature, which results in an 
increased material flow into a longer bushing, at the cost of bushing thickness. 
 

 
Fig. 8. (a)  Main effects and (b) 2nd order interaction effects for bushing thickness. 

Fig. 8b shows a clear interaction between workpiece pre-heating and thrust force. The effect of 
temperature increase is much more pronounced at high thrust force than at low thrust force. This 
again confirms the effect on bushing thickness of involving more material in the plastic 
deformation. Fig. 4 shows the difference in bushing thickness between room temperature and pre-
heated workpiece material.  

A reverse and reduced interaction can be seen for T·ω and F·ω. In these cases the effect of 
workpiece pre-heating and thrust force respectively are reduced when the rotational speed is 
increased. 

Hardness measurements for the bushings and surrounding of the friction drilled holes were 
performed on bushings made with and without pre-heating of the workpiece. The parameters used 
are summarized in Table 2. 
 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 353-360  https://doi.org/10.21741/9781644902417-44 

 

 
359 

Table 2. Parameters for pre-heated and room temperature friction drilling targeting maximal 
bushing thickness. 

 Pre-heated  Room temperature  
Temperature [°C] 535 20 
Thrust force [N] 1017 722 
Rotational speed [rpm] 1400 1400 

 
Fig. 5 shows the five different measurement locations along the cross section of the sheet. Three 

along the horizontal axis and three along the bushing, sharing the corner location. Each test was 
performed at least 5 times of which the average is depicted in Fig. 9. The intervals represent the 
95 confidence interval for these values. As discussed in the material section, the reference values 
for the hardness of Titanium grade 2 is 166-165HV. This matches the values obtained 3mm away 
from the drilled hole. The measured hardness increases when moving closer to the hole and the 
heat affected zone. A more linear increase is observed in the pre-heated samples as compared to 
the exponential profile seen in the room temperature samples. 

The hardness along the bushing shows a similar evolution between pre-heated and non-pre-
heated samples. In both cases the measured hardness was higher at the 1mm location than in the 
0.5mm corner point and the 2mm point, further down the bushing. The cold formed bushings have 
a higher hardness over the entire bushing compared to the pre-heated ones.  
 

 
Fig. 9. Vickers hardness profile (a) along the created bushing, (b) along the undeformed sheet. 

Conclusion and future work 
This paper summarizes an explorative study on the influence of rotational speed, thrust force and 
pre-heating on the bushing formation in friction drilling of grade 2 Titanium. It has been shown 
that the use of pre-heating has a positive influence on both bushing height as well as bushing 
thickness. An increased thrust force mainly has a varying effect on the crack free bushing height 
due to increased occurrence of cracks. It is however, beneficial for the bushing thickness. 
Increasing the rotation speed induces more heat into the sheet tool contact zone, resulting in higher 
but thinner bushings for Titanium grade 2. Finally, a comparison is made between the hardness of 
a workpiece formed at room temperature and pre-heated conditions, where forming at room 
temperature results in a higher hardness. Future work will focus on the mechanical characterisation 
of the bushings, thread cut into them and strength and stiffness of the connection with the medical 
locking screws. 
  



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 353-360  https://doi.org/10.21741/9781644902417-44 

 

 
360 

Aknowledgements 
The study performed in the framework of the STIFF project, facilitated by the KU Leuven C2 
research fund.  
References 
[1] S. Vancleef, M. Wesseling, J.R. Duflou, S. Nijs, I. Jonkers, J. Vander Sloten, Thin patient-
specific clavicle fracture fixation plates can mechanically outperform commercial plates: An in 
silico approach, Journal of Orthopeadic Research, vol. 40, no.7, (2021) 1695-17006. 
https://doi.org/10.1002/jor.25178 
[2] P. Szypryt, D. Forward, The use and abuse of locking plates, Orthopaedics and trauma, vol. 
23, no. 4, (2009) 281–290. https://doi.org/10.1016/j.mporth.2009.07.002 
[3] S. Dehgan, M. I. S. Ismail, M. K. A. Ariffin., and  B. T. H. T. Baharudin, Experimental 
investigation on friction drilling of Titanium alloy, Engineering Solid Mechanics, vol. 46, no. 12, 
(2018) 135–142. https://doi.org/10.5267/j.esm.2018.2.002 
[4] J. E. France, J. Buick Davison, and P. A. Kirby, Strength and rotational stiffness of simple 
connections to tubular columns using flowdrill connectors, Journal of constructional steel research, 
vol. 50, no. 1, (1999) 15–34. https://doi.org/10.1016/S0143-974X(98)00236-3 
[5] L. Ozler and N. Dogru, An experimental investigation of hole geometry in friction drilling, 
Materials and Manufacturing Processes, vol. 28, no. 4, (2013) 470– 475. 
https://doi.org/10.1080/10426914.2012.746699 
[6] M. T. Kaya, A. Aktas, B. Beylergil, and H. K. Akyildiz, “An experimental study on friction 
drilling of st12 steel,” Transactions of the Canadian Society for Mechanical Engineering, vol. 38, 
no. 3, (2014) 319–329. https://doi.org/10.1139/tcsme-2014-0023 
[7] S. Dehghan, I. M., A. M., and B. B., “Friction drilling of dicult-to-machine materials: 
Workpiece microstructural alterations and toolwear,” Fundamental Study on Friction Drilling of 
Difficult-to-Machine Materials, vol. 9, no. 9, (2019) 1– 14. https://doi.org/10.3390/met9090945 
 
 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023)   
 

 

361 

Quality and reliability 
 
 
 
 
 

 
  



 

 

 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 363-370  https://doi.org/10.21741/9781644902417-45 

 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

363 

Revisiting image-based quality evaluation of laser cut edges 
Masoud Kardan1,a *, Nikita Levichev1,b , Alberto Tomás García1,c and  

Joost R. Duflou1,d 
1Department of Mechanical Engineering, KU Leuven, Celestijnenlaan 300, 3001 Heverlee, 

Belgium, Member of Flanders Make  
amasoud.kardan@kuleuven.be, bnikita.levichev@kuleuven.com, 
calberto.tomasgarcia@kuleuven.be, djoost.duflou@kuleuven.be 

Keywords: Laser, Cutting, Quality Evaluation 

Abstract. The optimization of laser cutting process parameters relies on productivity and obtained 
edge quality. Whereas maximizing cutting speed is a default procedure to increase the process 
performance, quality assessment of a cut edge is a non-trivial task. Both contact-based and image-
based approaches can be used to quantify the quality of a cut surface. Since contact-based 
techniques are time-consuming and typically require expert knowledge, the development of simple 
and fast image-based approaches could improve the performance of sheet metal workshops. Due 
to the numerous quality characteristics that have to be considered, a significant challenge remains 
to establish a versatile approach for image-based quality evaluation. Within this paper, the quality 
assessment of laser cut edges by means of image processing techniques is analyzed. Additionally, 
the potential for employing visual evaluation to assess all quality indicators in a comprehensive 
measuring strategy is explored. Finally, the role of the presented approaches in shifting toward 
intelligent manufacturing is briefly discussed. 

Introduction 
In recent years, laser cutting productivity and thickness limitations have been shifted to higher 
values as a result of the increase in the available laser power, the development of novel optical 
components and the improvement of machine dynamics. When cutting thick plates, the quality 
assessment of a cut edge becomes more important since a large cut surface increases the variation 
of quality characteristics along the thickness. At the same time, whereas roughness and dross 
attachment are typically regarded in the literature as the main quality aspects [1, 2], the evaluation 
of cut edge quality in an industrial setting goes beyond measuring those characteristics. According 
to ISO 9013 [3], the main characteristics of an edge created by thermal cutting are perpendicularity 
(or angularity in bevel cutting), surface smoothness and dross attached to the lower edge of the cut 
surface. Measurements of roughness and perpendicularity are commonly performed by contact-
based profilometry, while there is no standardized method for dross quantification. However, using 
such contact-based methods usually consumes considerable time and requires specific equipment 
and skilled operators to carry out, thus limiting extensive quality assessment within sheet metal 
workshops and preventing the collection of relevant production data. Such status restricts taking 
most of the benefits envisaged in the frame of Industry 4.0 that relies on the extensive use of data 
for continuous process improvement [4]. Therefore, the first step toward Industry 4.0 for quality 
evaluation of the cut edges is developing approaches with fewer possible human interactions with 
the process operations.  

A few investigations have addressed the quality quantification of laser cutting parts using 
image-based strategies. Obtaining surface topography of laser cut edges using a focus-variation 
microscope and subsequent evaluation of the cut quality with areal surface roughness according to 
ISO 25178 [5] has been illustrated in [6]. An image-based technique to estimate the roughness of 
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laser cutting samples has been described in [7]. In addition, an algorithm to predict the roughness 
of cutting edges by using an artificial neural network and applying image processing has been 
developed in [8]. A technique for quantitative identification of cut edge quality factors using an 
image analysis algorithm has been presented in [2]. An image processing algorithm to 
automatically evaluate the dross area in laser fusion cutting has been proposed in [9]. Despite 
numerous studies dedicated to measuring cut edge quality factors separately, there is no systematic 
approach to evaluate and quantify laser cutting quality considering all characteristics together. 

In this work, quality evaluation of the laser cut edges employing an optical microscope with 
focus variation is investigated and compared with contact-based approaches. Moreover, a 
comprehensive method to measure all quality characteristics within a single measurement 
approach is proposed. Finally, a quality index is recommended to consider all quality factors with 
different weight parameters, which can be used further in the framework of Industry 4.0.  

Roughness 
One of the key factors determining the quality of a laser cut edge is roughness. According to ISO 
9013, roughness of the cut edge should be evaluated as the arithmetic mean of the height between 
the peak and the valley over five sampling lengths (Rz5).  

New techniques combining image processing and machine learning have been recently 
developed to estimate roughness [7, 8, 10]. But, as discussed in [11], these methods are extremely 
sensitive to lighting conditions and require a large database. Moreover, since roughness varies 
significantly along the plate thickness, especially for thick plates [9], the complex 3D geometry of 
the cut surface can hardly be represented by single line measurements. At the same time, contact-
based profilometry does not provide enough information regarding dissimilarities in cut edges 
obtained by different processes. On the contrary, optical devices with focus variation can be used 
to extract full information about the surface topography of cut edges. This information may be 
further processed to quantify areal surface roughness and emphasize the difference between 
various laser cutting technologies. 

Fig. 1 shows the surface condition and measured roughness using a profilometer and optical 
microscope with focus variation for 15 mm cut edges of stainless steel and mild steel created by 
the fusion and flame cutting processes, respectively. Contact-based (Fig. 1a, b) and optical 
(Fig. 1c, d) measurements have been performed for the same measuring area using a Mitutoyo 
Formtracer CS-3200 profilometer and a Keyence VHX-6000 microscope, respectively. To 
measure the roughness over an area using a profilometer, the edge of the sample can be divided 
into several sections, for which roughness is evaluated independently and then averaged 
(Fig. 1a, b). As a result, the average roughness of the cut edge, as well as the worst roughness, can 
be extracted. The profile roughness is calculated employing a Gaussian filter with λc and λs equal 
to 2.5 mm and 8 µm respectively. Computed average roughness can be considered as a value to 
represent the overall surface conditions of the cut edge. In this case, ignoring some areas between 
the measuring lines would be inevitable. However, increasing the number of measuring lines to 
cover the area as much as possible would significantly increase the measurement time.  

In contrast to line measurements, the whole edge surface is considered by means of surface 
topography, thus eliminating the possibility of disregarding potentially important edge areas. 
Different roughness parameters can be used to quantify surface roughness using optical 
measurements. The maximum height of the surface (Sz) is sensitive to individual peaks and valleys 
which may not be significant for the whole surface characterization [12]. To evaluate the surface 
roughness, a Gaussian filter with λs and λc equal to 20 µm and 2.5 mm is applied. According to 
Fig. 1, both surfaces have comparable roughness conditions in terms of average Ra and Rz5, 
whereas it is not evident for Sz. As a result, Sz cannot be considered a reliable value implying 
areal surface roughness. Another areal roughness parameter is the arithmetic mean height (Sa), 
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defined as the arithmetic mean of the absolute value of the height within an evaluation area. It 
provides a more representable value for a surface and a better criterium for comparison between 
different surfaces since it is less sensitive to individual peaks and valleys.  

As seen in Fig. 1, a comparison between contact-based profilometry and surface topography 
using an optical microscope with focus variation illustrates that optical evaluation provides more 
absolute information for different surfaces and a roughness value (Sa) for the whole area, 
considering all peaks and valleys. 

 

 
Fig. 1. An example of roughness measurements: (a) and (b) contact-based measurements for 

fusion and flame cut edge, respectively; (c) and (d) optical measurements for fusion and flame 
cut edge, respectively. Red and green color values present the worst and average roughness of 

the cut edge, respectively. 
 
Fig. 2 shows a comparison of different surface conditions created by laser fusion cutting. 

Table 1 summarizes the measured surface parameters employing both contact-based and optical 
techniques for the samples presented in Fig. 2. The roughness distribution is more uniform on the 
surface in Fig. 2a, while the rougher region is near the bottom edge of the surface in Fig. 2b. 
Despite a higher value for the worst roughness on the surface in Fig. 2b using profilometry, the 
average roughness is lower. Considering areal roughness, Sz is affected by isolated peaks and 
valleys which can be seen by comparing the surfaces of Fig. 2b and Fig. 2c. Based on visual 
observation, the surface in Fig. 2c is rougher than the surface in Fig. 2b, but both have comparable 
values for Sz. Among all roughness parameters in Table 1, Sa considers the whole cut edge area 
and can be a more robust indicator of surface conditions.  

Although contact-based profilometers provide more accurate measurements in a specific 
location, the obtained areal roughness values using optical measurements are more reliable due to 
considering all details of a region of interest. However, when roughness measurement aims to 
define the post-process requirement, other feature parameters (for instance, S10z) can be used to 
shift the importance towards extreme peaks and valleys.  
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Fig. 2. Topography measurements: (a) homogeneous surface roughness; (b) non-homogeneous 
surface roughness; (c) rough surface. 

 
Table 1. Measured roughness parameters using both contact-based and optical approaches for 

surfaces presented in Fig. 2. 

Parameter Fig. 2a Fig. 2b Fig. 2c Measurement type 
Average Rz5 [µm] 87.25 62.45 174.59 

Contact-based Worst Rz5 [µm] 105.29 114.91 295.93 
Average Ra [µm] 15.49 11.48 36.33 
Worst Ra [µm] 18.87 23.79 66.64 

Sa [µm] 13.83 14.38 39.07 Optical Sz [µm] 175.01 449.65 512.86 
 

By correlating the cutting process parameters with the areal roughness of the cut edge, 
roughness prediction could be realized with machine learning algorithms, for instance, by using 
one of the already proposed techniques [7, 8, 13]. This approach could be further extended to be 
used for modeling the surface topography of the cut edge depending on the process parameters 
[14]. 

Dross attachment 
Melting drops that are not able to escape during the laser cutting process, lead to the formation of 
dross on the bottom side of the cutting edge. Although the perfect cut edge is a dross-free surface, 
the attachment of dross might become inevitable, especially in the case of fusion cutting of thick 
plates [9]. Moreover, there is no clear definition for the acceptable amount of dross. Therefore, it 
is necessary to measure dross as a quality factor and accordingly determine the post-processing 
requirements based on industrial demands. Different techniques based on image processing have 
been proposed to measure the average dross height [15, 16]. Employing these methods, the cut 
edge is divided into a few sections and the maximum dross height is determined in each area. Then, 
the average dross height along the entire cut edge can be calculated. However, dross area can also 
be measured instead of dross height [9].  

Fig. 3 shows two cut surfaces with different amounts of dross and compares both dross height 
and dross area measurements. Whereas the measured dross height is only increased by 34 % 
changing from the surface in Fig. 3a to Fig. 3b, the measured dross area is increased by 115 %. 
Therefore, dross area measurements provide a more reliable value of the dross amount compared 
to the height measurement approach. The principle of the algorithm for measuring the dross area 
has been thoroughly explained in [9]. Although the measuring length can be divided into different 
areas to provide an average value when considering dross height, the algorithm for measuring 
dross area is more robust. The latter method measures the amount of dross considering two 
dimensions while the other approach is based on a one-dimensional measurement. All in all, when 
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(c)     
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the total amount of dross is the goal of measuring, the dross area assessment is more accurate. 
However, both approaches can be considered when defining post-processing requirements.  

 

 
Fig. 3. Dross measurements using two different approaches for two surfaces with (a) non-

homogeneous dross and (b) homogeneous dross. 

Perpendicularity  
According to ISO 9013, the perpendicularity of the cut surface is the distance between two parallel 
straight lines with a right angle to the reference surface in which the cut edge profile is enclosed 
[3]. The above-mentioned definition is shown in Fig. 4b, where Δa is the reduced cut face to allow 
for melting of the top and lower cut edge, a is the area for evaluating the perpendicularity, and u 
is the perpendicularity tolerance.  

 

 
Fig. 4. Perpendicularity evaluation using the proposed image-based technique: (a) the setup 
used to avoid slope correction; (b) the average cut edge profile of the entire measuring area.  
 
To evaluate perpendicularity, an image-based approach is proposed rather than complex 

contact-based measurements. The principle of this technique is similar to the roughness 
measurement using an optical microscope with focus variation. However, the reference surface 
should be located perpendicular to the microscope plate (Fig. 4a) to avoid slope correction after 
scanning the cut surface. A sample fixture can be used for the latter purpose as seen in Fig. 4a. 
After scanning the cut edge using a microscope, the 3D surface geometry can be captured in a 
JPEG image. Furthermore, this data can also be exported in a matrix representing the height of 
each point on the cut surface. The rows of the matrix are in the cutting direction and the columns 
are in the thickness direction. Afterward, instead of evaluating the perpendicularity in different 
vertical locations along the cut length, the average of the cut edge profile is calculated. Considering 
laser cutting as a stable process, the striation patterns are repeated periodically along the cutting 
length [16, 17]. Therefore, the average cut edge profile can be measured to ignore the possible 
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extreme areas which have resulted from irregularities in the dynamic flow of the molten material 
in the cutting process. However, another statistical analysis is possible on the matrix to achieve 
the minimum and maximum height, standard deviation, etc.  

To extract the average cut edge profile, the matrix is transformed into a column vector where 
each component is the average of the associated row in the matrix. Then, the average cut edge 
profile is extracted based on the previously calculated column vector. Furthermore, the 
perpendicularity tolerance (u) can be evaluated within the a area. Fig. 4b shows the average cut 
edge profile of the evaluated surface. By means of this approach, Δa can be determined for 
different thicknesses using [3]. Within the a area, the distance of the two parallel lines, in which 
the cut edge profile is inscribed, can be calculated and defined as the perpendicularity of the cut 
edge. 

Quality index 
Since the quality evaluation is affected by different factors, a multicriteria quality index is 
proposed instead of assessing surface characteristics separately. Although merging cutting 
performance parameters, including cutting speed, has been explored in the literature [16, 18], there 
is no recommendation for the quality index for laser cutting. As a result, a quality index (Eq. 1) 
has been developed considering roughness, dross area and perpendicularity with changeable 
weight parameters (a + b + c = 1). 
 

QI = a R𝑚𝑚 
R𝑡𝑡

+ b DA𝑚𝑚
DA𝑡𝑡

+ c U𝑚𝑚
U𝑡𝑡

           (1) 

where R is roughness, DA is dross area and U is perpendicularity. Indices “m” and “t” refer to 
the measured and tolerance (and or reference) values respectively for the particular parameter. 
Tolerances for roughness and perpendicularity can be adjusted in accordance with the levels 
specified in [3] when QI is used as a rejection criterion. However, QI might also be taken as a 
target value. In this situation, the optimum results from laser cutting with the recommended 
process settings for each individual machine can be used as a reference.  

Table 2 lists the selected references, measured values and weight parameters for different 
quality factors for a 15 mm thick stainless steel surface processed with an industrial fiber laser 
cutting machine. Since cutting results are not comparable with each other when employing 
different machines due to different process parameters and conditions, the references in Table 2 
have been defined based on the optimal values obtained during laser cutting with nominal process 
parameters on a particular machine.  

In this work, due to the priorities in industrial applications, weight parameters were selected 
using the following condition (Eq. 2): 

 
a = 0.35, b = 0.35, and c = 0.30  if DA𝑚𝑚 ≤ Threshold               (2) 
a = 0.55, b = 0.05, and c = 0.40  if DA𝑚𝑚 > Threshold 
 
Considering the threshold, the post-process requirements can be defined to remove the dross. If 

dross is less than the threshold, post-processing is not required and the importance of dross is much 
higher. The opposite is expected when the dross area is higher than the threshold. However, this 
statement does not lead to increasing the quality index value for a cut edge with an amount of dross 
lower than the threshold. Since there is no standard value for this threshold, a value of 
0.05 mm2/mm could be considered based on the recommendation of industrial users and 
experienced operators [18]. 
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Table 2. Measured data, tolerances and weight parameters for one sample. 

 𝐑𝐑 [µm] 𝐃𝐃𝐃𝐃 [mm2/mm] U [mm] 
Measured (m) 28.28 0.347 0.356 
Reference (t) 13.83 0.147 0.235 
Weight parameters (a,b,c) 0.55 0.05 0.40 

 
By replacing the parameters from Eq. 1 with variables from Table 2, the calculated quality index 

is 1.85. The smaller the quality index, the higher the quality of the cut surface.  
All quality parameters required in the proposed quality index can be evaluated using one optical 

microscope with focus variation, where a sample with a sufficient length of the cut edge is 
positioned in a fixture to ensure that the reference surface of the sample is perpendicular to the 
microscope plate. After scanning the cut surface using the microscope with focus variation, the 
extracted surface topography can be used to quantify areal roughness (with slope correction), dross 
and perpendicularity.  

The time for scanning the surface is dependent on the scanning area, magnification, and the 
number of focus variations at each point. However, this time can be equal to the roughness 
measurement using the contact-based approach illustrated in Fig. 1. Finally, the calculated quality 
index can be used as the objective function for an optimal selection of process parameters.  

Conclusion 
The measurement of different quality characteristics of laser cut edges through image-based 
methods has been discussed in this contribution. The proposed techniques can provide a more 
robust and faster quality assessment compared to conventional contact-based approaches. For 
instance, measuring areal roughness gives more detailed information about surface topography and 
can be used to clarify cut surfaces produced through different technologies. Perpendicularity 
evaluation using an optical microscope with focus variation provides more reliable values 
compared to contact-based approaches since it considers the whole cut edge surface.  

Image-based approaches can also be used to evaluate other quality factors, such as cutting kerf 
and heat-affected zone. This study, however, took into account the three main characteristics based 
on current standards.  

The proposed quality index can be used as the objective function for training machine learning 
algorithms for process parameter optimization based on overall quality requirements. Compared 
to contact-based measurements, the approach proposed in this paper allows faster and more 
automatic collection of quality information, enabling the use of larger data sets for the training of 
the required machine learning algorithms for process parameter optimization. Whereas the 
proposed techniques are applied for offline measurements, further studies can be dedicated to the 
development of online methods which can be used for real-time optimization. 
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Abstract. Despite the continuous progress in computer vision, its application to many industrial 
tasks like the detection and size measurement of non-trivial defects is still a demanding problem. 
In this paper, typical challenges, workflows, and key performance indicators are discussed and the 
application of AI-based Semantic Image Segmentation methods is demonstrated to the detection 
of minute damages on metal surfaces using the d-fine vision toolbox. A performance improvement 
for a public data set above prior results is reported and the successful transfer of the approach to 
real-world sheet metal parts produced by voestalpine Automotive Components Schmölln GmbH 
is shown.  
Introduction 
Computer vision is an essential enabler of the end-to-end digitalization of production processes. 
Use cases like object tracking, pattern recognition, event detection or visual servoing (vision-based 
robot control) are among the fundamentals of intelligent, autonomous, and self-optimizing 
production processes [1]. Industrial computer vision can detect problems in an autonomous, 
continuous, and reliable manner and supply feedback into production processes and machines 
directly, e.g., in case of high failure rates due to incorrect machine calibration. 

Fig. 1: Industrial computer vision applications 
 
Virtually all modern applications of computer vision are based on neural networks with so 

called convolutional architectures [2] playing the most prominent role. When applied properly, 
this technology allows to automate analyses and processes that hitherto required a human’s ability 
to interpret data. The following is an overview of the most important steps and the challenges 
involved. 
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Data quality. Stable imaging conditions and good image quality are crucial for the success of 
computer vision. Deficiencies can only be partially compensated for by smart preprocessing 
methods and image resolution and lighting conditions must be carefully controlled. 

Preprocessing. In most computer vision use-cases, the available data is imbalanced. The 
training data contain only a small fraction of NOK-parts and do not cover possible damage 
manifestations. To generate a more representative image base and to at least partially remedy these 
deficiencies algorithmic preprocessing can generate additional synthetic images (see e.g. [3] for 
an overview) with altered lighting and noise conditions, aspect ratios and sub-crops. 

Deep Learning architecture. (Convolutional) Neural networks (CNNs) are inspired by the 
connectivity structure of neurons in the mammalian brain but should not be taken to represent a 
cognitive process. Their performance depends on a suitably chosen architecture, the quality of the 
input data and the careful tuning of the training strategy. [4] provides an excellent introduction 
into the architectural principles and the way CNNs build a hierarchical representation of image 
content.  

Postprocessing. Algorithmic segmentation of the image into regions of different characteristics 
is not sufficient in productive applications. The results must be transformed into a suitable format 
for (quality-) experts and decision makers. This includes both a visual representation of the 
identified damages and performance dashboards for error rates or product quality assessments. 
Benchmarking computer vision systems 
Four practical requirements have proven crucial for a successful defect detection scheme, namely: 
robustness, data efficiency, accuracy and performance. 

Robustness. Computer vision systems are affected by lighting situation and perspective and are 
negatively impacted by contamination and reflections. A good system should be robust with 
respect to such real-life disturbances and deviations from ideal conditions. 

Data efficiency. Defect types, part shapes as well as location and orientation of the components 
to be inspected may vary between images. An ideal vision tool can be trained on a limited set of 
components with few images taken from only a subset of defect types and can still apply its 
“cognitive” abilities to new and hitherto unseen parts, defect types and perspectives within a given 
production process. 

Accuracy. To ensure that the system can take over tedious and repetitive QA tasks, detected 
errors must coincide well with defect labels provided by a human supervisor. At the same time 
False Positives (errors reported without an actual error being present) and False Negatives (errors 
missed by the AI) must be reduced as much as possible.  

Performance. Detection accuracy does not provide a competitive advantage if data throughput 
is low due to computational complexity. In particular for real-time applications on the shopfloor 
the achievable processing rate is a critical quantity. 
Related work  
Deep learning and computer vision provide robust solutions to the tasks shown in Fig. 1, including 
object tracking [5], object recognition [6] and visual servoing [7].  

Vision-based quality inspection offers the possibility to perform non-destructive inspection 
processes in industry. Huang et al. [8] provide an overview of inspection tasks in the semi-
conductor industry that can potentially be automated. Defect detection in an industrial context 
using CNNs on X-ray images has been investigated in [9]. The detection of cracks is part of many 
research projects. Detecting cracks in concrete using deep learning has been studied by [10]. 
Surface inspection is an important part of industrial quality assurance. The authors of [11] 
investigate the use of deep learning for this application and present essential design requirements. 

In [12], U-Nets were presented to segment anomalies in biomedical data. U-Nets comprise a 
contracting and an expanding data path (see left side of Fig. 2 for an example) and are also used 
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in this work. Their output is a mask with probabilities for each pixel indicating whether the pixel 
is or is not part of a labelled region (e.g., “DEFECT” / “OK”). The horizontal and vertical 
dimensions of the output are identical to the input dimensions of the image such that the results 
can be visually overlaid for ease of interpretation later. [13] has achieved state of the art results 
using U-Nets for magnetic tile inspection. 

Deep learning enables very good detection rates but requires very large amounts of data. 
Especially in the industrial environment it can be difficult to generate and annotate these correctly 
for training.  

In [14] the authors address the data efficiency by applying networks trained in other domains 
to new data sets (transfer learning). In [15] a special loss function (“focal loss”) for training is 
introduced that emphasizes hard to learn image areas to increase network performance. Finally, in 
[16] a special sampling method is proposed that increases the weight of entire images that contain 
hard to learn content. 

Fig. 2: Left: A simplified U-shaped neural network architecture. Right: Intersection over Union 
of a training mask and a network output mask as metric for the evaluation of image segmentation 

methods 
Approach  
The objective of this work is to design a defect detection system that provides for robustness, data 
efficiency and computation performance while achieving state-of-the-art results for accuracy and 
to demonstrate its applicability not only to laboratory data but to real-world images from an 
industry-grade production process. As described in [15], the training of semantic segmentation 
algorithms suffers twofold from data imbalance: First, “OK”-parts are overrepresented. Second, 
the defects to be detected are very small compared to the size of both the component itself and the 
image on which they are to be found. For this purpose, this paper investigates the visual inspection 
capabilities of a U-Net trimmed for data efficiency in combination with a modified focal loss 
function, emphasizing the hard to train image regions and hiding out the component background.  

To cope with the small number of input images, the training data set is enriched using various 
geometric and photometric data augmentations and innovative sampling strategies that enhance 
the “NOK”-regions’ fraction in the data set by transferring damaged regions between images.  

The used U-Net architecture includes five skip connections that copy input data from early 
layers to later layers. This allows the model to keep local information together and prevents 
information loss. Careful tuning of the network details ensures that the system is already highly 
data efficient at the architectural level. 

Finally, a post-processing routine incorporating domain-specific knowledge about typical 
defect sizes enhances the performance of the semantic segmentation approach and suppresses false 
positives. This comprises i.a. a threshold set upon the probability level with which the network 
considers a pixel to be part of a defective area. To finally measure the recognition accuracy, it is 
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common practice to compare the manually provided defect mask and the output mask of the 
network. Their agreement is usually quantified as the ratio between the intersection of the two 
areas and their union (“IOU-metric”) [17] – see right side of Fig. 2. 
Example use case: ball screw drives 
To demonstrate the performance of the image segmentation and defect detection pipeline and to 
determine quantitative KPIs, a publicly available data set of ball screw drive images is used and 
the workflows and the results obtained are discussed. 

Data set. The data set “Industrial Machine Tool Element Surface Defect Dataset” [18] by the 
Karlsruhe Institute of Technology (KIT) contains images of ball screw drives (BSDs). BSDs are 
roller bearings used for translating rotary motion into linear motion and “one of the most wear-
prone machine tools” [19]. The data set consists of 394 images each with at least one defect, which 
was labelled by a human expert using a polygonal mask along the boundary of the damage region 
(see Fig. 3). The defect regions are of different sizes and the images show soiling as it is typical 
for industrial manufacturing environments.  

Fig. 3: Image taken from the KIT ball screw drive data set showing a defect (left) and the 
corresponding defect mask (right). 

 
Data split and preprocessing. The data is split into subsets as proposed by the authors [18]. The 

training proceeds in so called “epochs” during with the system tries to optimize recognition results 
on the training data set. The performance is measured independently after each training epoch 
using the validation data set. The final performance KPIs reported below however are determined 
on the test data set which has never been presented to the network before.  

Training details. The system has been trained on Google Cloud Platform for 62 hours using a 
Nvidia V100 GPU with 16 GB RAM. 

Results. Fig. 4 shows the results achieved when applying the network to previously unseen error 
samples. Defects on the test data set are detected with a mean IoU of 45.3%, which is a noticeable 
improvement compared to the previously published value of 31.6% (see [19]). For all practical 
applications it is necessary to decide at some point whether a region with a “defect”-label is to be 
classified as an actual defect or to be rejected as a false positive candidate (as may be done with 
very small defect regions in practice). Fig. 5, shows the classification results of the approach for a 
set of 60 selected test-images. Each image is represented by a dot on a two-dimensional map, with 
the horizontal and vertical extension of the damaged region (measured relative to the total image 
size) used as coordinates. Orange dots indicate correctly detected damages, blue ones indicate 
missed ones. The toolchain presented in this paper detects even small defects more reliably when 
compared to results shown in [20]. The undetected defects have a small relative size compared to 
the image’s dimension. A higher resolution or an inspection using image sub-crops might help to 
further improve the performance.  
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Fig. 4: Left: Training images with damaged regions - defect masks provided during the training 
phase are shown in red; Right: Separate validation with unseen data - damage masks identified 

by the trained network are shown in amber. 

Fig. 5: Detected and missed defects and their relative horizontal and vertical spread in the 
image. The solution almost perfectly detects all but the most minute damages.  

Application to sheet metal components 
To demonstrate the feasibility of defect detection outside the lab with real-world shop-floor data 
with comparable challenges, the method is applied to several sheet metal parts that belong to the 
automotive chassis. The parts were produced and photographed in the press plant of voestalpine 
in Schmölln, Germany.  

Data set and enrichment. The images for this analysis were taken on a separate inspection island 
from a single camera perspective under reproducible and calibrated lighting conditions. The 
dataset contains 179 images taken from 3 different sheet metal component shapes. 107 images 
were used for training, 36 for validation and 36 for testing. The high resolution of the images and 
the need to detect also small defects mandate that the defect recognition is applied to image sub-
crops to ensure reliable detection. Also, the use of image cropping allows to increase the proportion 
of damaged regions during training and thus to equalize the ratio between “OK” and “NOK” 
images in the data set.  



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 371-378  https://doi.org/10.21741/9781644902417-46 

 

 
376 

Foreground segmentation and damage detection. To find the damaged sections, the AI-based 
segmentation method has been applied twofold: First it masks the component part (“foreground”) 
and separates it from the uninformative image “background”. The images on the left of Fig. 6 show 
typical masks resulting from this step with reddish pixels indicating the image sections that the AI 
ascribes to the part. This step also works reliably when new shapes are presented to the background 
segmentation step. Damage detection itself proceeds subsequently. Typical results for images from 
the test data set are shown in the right side of Fig. 6. Here pixels to which the AI ascribes a 
“damaged” label are marked in green. Pixels in blue are “missed pixels”: They have been labelled 
manually as “damage region” before the training phase but have not been recognized by the AI. 

Fig. 6: A sheet metal components inspected with the two-stage segmentation approach. Left: 
foreground separation; right: damage detection 

 
Results. While applying the methodology allows to train a neural network with the very small 

data set, a statistical analysis of the results would not provide meaningful and reliable performance 
numbers. As described in the review paper [21], crack detection algorithms are usually trained on 
data sets that are about 100 times larger in scale. To provide quantitative, statistically sound results 
a data set of at least five times the one available at present would be needed. A qualitative analysis 
shows however, that the trained network detects damages also in the test data set if they are 
optically similar to defects presented during training. Using sufficiently well resolved image sub-
crops, also very small defects can be detected that are hardly visible to the human eye on a full-
scale image. As the training of the damage detection step is performed on image sub crops it should 
be agnostic with respect to the specific component shape under inspection. This is an important 
feature for real life applications because it substantially reduces the need to retrain the AI for new 
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shapes and different camera perspectives. However, a larger data set is required to verify this 
unambiguously.  
Summary 
Using convolutional neural networks, an AI-based image segmentation method is developed which 
detects even small defects on sizable metallic surfaces. The method is data efficient in that it 
requires only a very limited amount of training data and thus greatly reduces the labelling effort 
required before training. It generalizes well to unseen data and outperforms prior results on a 
publicly available data set. The developed preprocessing, training and postprocessing cascade is 
applied to real world images from a sheet metal plant. While statistical performance KPIs can not 
be given due to the limited amount of available data promising qualitative results are achieved. A 
fully quantitative evaluation of the performance KPIs on a larger data set is required next to 
develop the system into a flexible, scalable AI system for end-of-line quality control for sheet 
metal parts and other components with metallic surfaces. 
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Abstract. Driven by high energy prices and strict legal requirements on CO2 emissions, high-
strength sheet steel materials are increasingly gaining importance in the automotive industry 
regarding electric vehicles and their battery range. Simulation-based design of forming processes 
can contribute to exploiting their high potential for lightweight design. However, previous studies 
show that numerical simulation with conventional forming limit curves does not always provide 
adequate prediction quality. Failure models that take the stress state into account represent an 
alternative prediction method for the shear-dominated failure, that frequently occur in high-
strength steels during forming. The failure behaviour of the sheet materials can be determined by 
different specimen geometries for a wide range of stress states and by using an optical 
measurement system to record the local strain on the surface of the specimen at the location of 
failure. However, for many high-strength steels, critical damage or failure initiation already occurs 
inside the specimen. Therefore, a method is needed that allows detection of failure initiation at an 
early stage before the crack becomes visible on the surface of the specimen. One possible method 
is the use of acoustic emission analysis. By coupling it with an imaging technique, the critical 
strains leading to failure initiation inside the specimen can be determined. In the presented paper, 
butterfly tests are performed for a wide range of stress states and measured with an optical as well 
as an acoustical measurement system. The tests are analysed regarding the failure initiation using 
a mechanical, optical as well as acoustical evaluation method and compared with each other.  
Introduction 
Strict laws on vehicle emissions and high fuel prices have been leading to changes in vehicle 
concepts for years. Throughout the automotive industry, there is a clear trend towards e-mobility. 
In order to compensate for the weight of the battery and increase the driving range, manufacturers 
are increasingly relying on modern lightweight materials, including advanced high-strength steels 
(AHSS) such as complex phase (CP) or dual phase (DP) steels to reduce the weight of their 
vehicles [1]. The mechanical properties of AHSS are controlled by a specific mixture of different 
hard microstructural components such as retained austenite, ferrite, bainite, martensite and non-
metallic precipitates. Thus, it is possible to cover yield strengths and tensile strengths far above 
those of conventional deep-drawing and low-alloy steels while maintaining a good formability. 

In order to optimally utilise the high potential of AHSS for reducing vehicle weight at 
reasonable costs, a reliable design of forming and crash behaviour of the sheet metal components 
is required by use of numerical simulation. Therefore, precise modelling of the material behaviour 
under process conditions is needed. With regard to sheet metal forming, the yield condition, the 
hardening behaviour and the forming capacity must be included in the modelling. For the 
description of the forming capacity of sheet metals, the use of forming limit curves (FLC) is state 
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of the art. A FLC determines strain states that can be withstood by the sheet metal without necking 
or fracture. However, it is only valid for linear strain paths and a spectrum of strain states between 
uniaxial and biaxial tension [2]. Due to the shear-dominated material failure of AHSS, the 
prediction quality of a FLC is not adequate for that. An alternative to the FLC in sheet metal 
forming simulation are failure models which take the stress state into account. In most failure 
models, fracture is described by the failure strain as a function of the stress state [3]. Many models 
already exist for the mathematical description of these failure surfaces for AHSS, such as the 
Modified Mohr-Coulomb (MMC) failure model [4]. In order to characterise the material failure, 
material tests such as uniaxial tensile tests with different notches or holes, shear tests and Nakajima 
tests are performed to investigate the failure under different stress states from compression to shear 
to tension. Multiple tests are necessary to describe the material failure realistically in a wide range 
of different loadings and to parametrise the parameters of the failure model [4]. Those failure 
characterisation tests are often monitored with an optical measurement system, which is used to 
determine the fracture initiation on the specimen surface and to calculate the plastic strain. To 
improve the accuracy of the failure characterisation, a method capable of detecting a critical 
fracture initiation inside the specimen that remains invisible to the optical measurement system 
can be used [5]. Furthermore, sometimes the fracture initiation on the specimen surface is hardly 
to determine optically due to the stress state or because of the stochastic pattern applied on the 
specimen surface. In this context, acoustic emission (AE) analysis has a high potential for an 
improvement in failure characterisation due to enhanced fracture detection [6].  

Therefore, in this paper an existing testing rig for butterfly specimen with optical measurement 
system is extended with an acoustical measurement system. Seven loading angles of the butterfly 
tests, generating seven different stress states, are investigated for two AHSS. The tests are 
monitored with an optical as well as an acoustical measurement system. Finally, the failure 
initiation is determined and compared by the three different evaluation methods mechanical, 
optical as well as acoustical. 
Material Characterisation with Acoustic Emission 
AE analyses were used prior in the literature to characterise different material properties of metals. 
Shen et al. investigated the behaviour of titanium during a tensile test with a broadband and a 
resonant sensor [7]. The yielding and fracture of the material was characterised by a larger 
amplitude and a higher number of counts exceeding a threshold value. In contrast to the broadband 
sensor, the resonant sensor was also able to identify necking due to a higher amplitude. AE signals 
during plastic deformation of a low-carbon steel were analysed by Muravev et al. [8]. The 
localisation of acoustic emissions in combination with speckle interferometry enabled tracking of 
the movement of Lüders bands at yielding. Furthermore, it was possible to predict necking and 
fracture. In [9], Chuluunbat et al. used AE to analyse the fracture behaviour of the steel X70 during 
tensile tests with notched specimens. The fracture development was recorded simultaneously with 
a high-speed camera. At the time of fracture development inside the specimen, the AE activity 
increased rapidly. Changes of the process parameters temperature and strain rate also influenced 
the AE activity. Panasiuk et al. used the acoustic emission method and Kolmogorov-Sinai entropy 
to successfully determine the yield point of the aluminium alloy EN AW-7020 during tensile 
testing [10]. A new acoustic emission activity detection method based on short-term waveform 
features was invented by Piñal-Moctezuma et al. and applied to tensile tests of sheet metal [11]. In 
[12], Petit et al. observed the strain localisation features and mechanisms during tensile tests of 
C35 by coupling AE analysis and electronic speckle pattern interferometry. The AE behaviour of 
DP steels with different martensite contents was investigated with tensile tests by Khamedi et al. 
[13]. It was shown that for DP steels with a low martensite content, the damage mechanism was 
dominated by decohesion of ferrite and martensite. In specimens with a high martensite content, 
fractures also occurred in the martensite. The different damage mechanisms had a characteristic 
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frequency range that could be identified by wavelet analysis. Pathak et al. investigated the 
influence of the stress state on micro-void nucleation for a CP800 and a DP780 using 3D micro-
tomography for interrupted tests and in situ digital image correlation during testing [14]. For both 
steels, little void nucleation was observed under shear deformation but extensive void damage was 
observed under biaxial tension.  
Materials and Methods 
The investigated AHSS HCT780C (CP800) with 1.6 mm sheet thickness and HCT980X (DP1000) 
with 1.5 mm sheet thickness are provided from voestalpine Stahl GmbH. The CP800 is a complex 
phase steel consisting of martensite, bainite as well as ferrite and the DP1000 is a dual phase steel 
consisting of martensite as well as ferrite. To investigate the failure behaviour of the steels CP800 
and DP1000, butterfly tests are conducted, which are detailed described by Behrens et al. in [15]. 
The experimental set-up is shown in Fig. 1 and consists of a rotatable testing rig, which is installed 
in the tensile testing machine S100/ZD from DYNA-MESS Prüfsysteme GmbH.  

 

 
Fig 1: Experimental set-up for butterfly tests with optical and acoustical measurement systems 

 
It further contains the optical measurement system Aramis from Carl Zeiss GOM Metrology 

GmbH and the acoustical measurement system AMSY-6 from Vallen Systeme GmbH. 
Piezoelectric sensors of the same company as the measuring system are used to record the acoustic 
emissions. To receive the signals off the specimen, a resonance sensor (VS900-RIC) and a 
broadband sensor (AE2045) are used, which are both applied on the rotatable testing rig. Thus, a 
frequency band of 100-2200 kHz can be investigated. Furthermore, a guard sensor (VS900-RIC) 
is attached to the tensile test machine as well to record and filter the machine-induced noise. In the 
following, the resonance sensor will be referred to as AE1 and the broadband sensor as AE2. When 
applying the AE sensors, the coupling agent Echotrace from Karl Deutsch Prüf- und 
Messgerätebau GmbH is used. With the rotatable testing rig, the butterfly specimen can be aligned 
at -3°, 12.5°, 28°, 43.5°, 59°, 74.5° and 90° to the loading direction, which results in different stress 
states in the centre of the specimen ranging from shear loading to uniaxial tension. During the 
experiments, the testing rig is fixed against rotation. The seven angles are tested until failure with 
a velocity of 0.02 mm/s (quasi-static) for both AHSS at room temperature and each test is repeated 
five times for statistical validity. While testing, the forming force is measured by the tensile testing 
machine, the displacement of the specimen by the optical measurement system and the acoustic 
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emission by the acoustical measurement system. The recording frequency of the optical 
measurement system was 20 Hz and the sound emissions are recorded event-triggered with a 
sampling rate of 5 MHz. 

Each specimen failure is evaluated based on the three methods mechanical, optical and 
acoustical, as shown in Fig. 2. The mechanical method assumed the failure for each specimen, 
when a 30 % drop of the forming force appeared in about 0.5 s. The threshold value was chosen 
based on the inertia of the tensile testing machine. Using the optical method, the fracture initiation 
on the specimen surface is determined by the images from the optical measurement system. The 
acoustical signals are characterised on the basis of the form of the signal and their parameters. At 
the failure initiation, only burst signals (clearly recognisable beginning and end) are obtained. 
These are first classified based on the amplitude reached. Other certain features such as time and 
frequency are extracted from the signals and those suitable for differentiation are determined. 
These included rise-time and the centre of gravity of the frequency spectrum (FCOG). The three 
methods are compared regarding the failure initiation by evaluating the displacement and plastic 
strain before fracture determined by each method.  

 

 
Fig 2: Mechanical, optical and acoustical evaluation methods of material failure 

Experimental Results and Comparison of the Evaluation Methods 
Fig. 3 displays the forming force-time curve of the performed butterfly tests for CP800 on the left 
and DP1000 on the right under variation of the loading angle from -3° to 90°. For both materials, 
the maximum forming force is the highest at a loading angle of 90° and reduces continuously until 
a loading angle of 12.5°. The reason for this effect is that at a loading angle of 90° the stress state 
in the specimen is uniaxial tension, which is more and more superimposed with shear loading 
reducing the loading angle until mostly shear loading is present at -3°. The forming force at -3° is 
at the same level as 12.5°, but the material failure occurs later. Comparing the CP800 and the 
DP1000, the maximum forming force for the DP1000 is higher than for the CP800 at every loading 
angle due to the higher strength of the DP1000.  
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Fig 3: Forming force-time curves of the butterfly specimen for CP800 (left) and DP1000 (right) 
The optical measured and calculated plastic strain of the butterfly tests before failure is shown 

in Fig. 4. At the top, the plastic strain distribution according to von Mises is plotted for CP800 and 
on the bottom for DP1000 for the seven loading angles determined by the optical evaluation 
method. As clearly visible at every loading angle for both materials, the plastic strain concentrates 
on the middle area of the specimen due to the reduced thickness in the specimen centre. Hence, no 
fractures appeared along the edges of the specimen. In contrast to the maximum forming force, the 
maximum plastic strain decreases for higher loading angles for both materials. Due to the higher 
formability of CP800 compared to DP1000, the achieved plastic strain is higher for CP800 at every 
loading angle.  

 

 

Fig 4: Plastic strain distribution before failure from the optical measurements for CP800 (top) 
and DP1000 (bottom) 

To investigate the influence of the evaluation methods on the results of the butterfly tests, the 
displacement in load direction and the plastic strain in the centre of the specimen before failure 
averaged from the five experiments are shown with standard deviation at the top of Fig. 5 for 
CP800. As to be expected, the displacement before failure is the highest using the mechanical 
evaluation method and is reduced with the optical evaluation method. The acoustical evaluation 
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method determines slightly lower or almost the same displacements compared to the mechanical 
evaluation method, except for the loading angle -3°. Analysing the plastic strain, the effect of the 
different displacements can be seen well. Although the displacement from the mechanical 
evaluation method is only slightly higher than from the other methods, the plastic strains 
determined by the mechanical evaluation method significantly exceed the plastic strains from the 
other methods for all loading angles.  

 

  
Fig 5: Displacement before failure as well as plastic strain for CP800 (top) and DP1000 

(bottom) 
Comparing the optical and the acoustical evaluation method, the acoustical evaluation method 

shows slightly lower values than the optical method likewise to the displacements. Only for a 
loading angle of -3° the plastic strain of the acoustical evaluation method is higher than the plastic 
strain of the optical evaluation method. Apparently, the begin of failure under shear loading does 
not produce an AE signal, which could be measured as well as distinguished from machine-
induced noise with the used sensors and amplifiers. The measured AE signals appear after the 
fracture can already be seen on the specimen surface and propagates in the material. This effect is 
due to the failure mode of this specific stress state: at the loading angle -3°, a shear stress state and 
shear failure are present. For the other loading angles, the tension stress state is dominant, which 
leads to normal failure initiated by the formation and growth of voids. A similar behaviour can be 
seen for DP1000 at the bottom of Fig. 5. Here the plastic strain before failure using the mechanical 
evaluation method is often significantly higher than the values determined by the other two 
methods. Especially for the loading angles 59° and 74.5° of DP1000 the plastic strain before failure 
of the mechanical evaluation method is much higher than for the other two methods. This is 
attributed to the fact that the high strength of the DP1000 causes an abrupt failure of the material, 
especially for the tension stress states at the loading angles 59° and 74.5°. 
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Summary and Outlook 
To increase the determination accuracy of the failure initiation and hence the prediction accuracy 
of failure models, a test rig for butterfly specimen with optical and an acoustical measurement 
system was developed. The measurement setup was used to determine the failure initiation of two 
AHSS under different stress states induced in butterfly specimens by different loading angles using 
the rotatable butterfly test rig. The failure of the respective specimens was evaluated using optical 
and acoustical measurements. As a reference, the mechanical failure was determined based on a 
sudden decrease in the forming force. First, the influence of the loading angle on the required 
forming force and strain was determined. For low angles, a low load capacity and a high maximum 
plastic strain according to von Mises were recorded. As the loading angle increases, the load 
increases and the maximum plastic strain decreases. Subsequently, the time of failure initiation 
determined by the different measurement methods was compared. The optical and acoustical 
signals lead to earlier detection of the failure initiation compared to the mechanical signal. 
However, the acoustical signal can only achieve a small improvement in the determined failure 
time compared to the optical signal. In the case of a shear stress at -3°, the time of failure 
determined by means of the acoustical signal was even later than the optical measurement. 

In further investigations, an improved recording of the failure initiation in the specimens is to 
be achieved by replacing the AE measurement amplifier. With a different amplification it is 
possible to detect signals with higher amplitudes. In addition, a coupling of the measuring systems 
and the test rig is planned so that the test is interrupted at an early stage with the aid of an automatic 
failure criterion. Furthermore, the experiments will be numerically modelled and the stress state 
will be determined for each evaluation method. Failure models like the MMC model will be 
calibrated based on the results. It is assumed that the failure models for the different methods vary 
significantly due to a difference in the stress state at the specimen surface and in the specimen 
centre. Thus, failure models with higher accuracy can be created to represent processes more 
precisely in the numerical simulation. 
Acknowledgment 
The authors gratefully acknowledge the support of the German Research Foundation (Deutsche 
Forschungsgemeinschaft, DFG) within the Project 385276585 ‘‘Improving the failure 
characterisation of advanced high-strength steel sheets by coupling measurement systems for 
optical forming analysis with acoustic emission technology’’. 
References 
[1] N. Fonstein, Dual-phase steels, in: Automotive steels - Design, Metallurgy, Processing and 
Applications, Elsevier, 2017, pp. 169–216. 
[2] B.-A. Behrens, D. Rosenbusch, H. Wester, E. Stockburger, Material Characterization and 
Modeling for Finite Element Simulation of Press Hardening with AISI 420C, J. of Materi Eng and 
Perform 31 (2022) 825–832. https://doi.org/10.1007/s11665-021-06216-y 
[3] B.-A. Behrens, K. Dröder, A. Hürkamp, M. Droß, H. Wester, E. Stockburger, Finite Element 
and Finite Volume Modelling of Friction Drilling HSLA Steel under Experimental Comparison, 
Materials 14 (2021). https://doi.org/10.3390/ma14205997 
[4] Y. Bai, T. Wierzbicki, Application of extended Mohr–Coulomb criterion to ductile fracture, 
Int J Fract 161 (2010) 1–20. https://doi.org/10.1007/s10704-009-9422-8 
[5] E. Martinez-Gonzalez, I. Picas, D. Casellas, J. Romeu, Detection of crack nucleation and 
growth in tool steels using fracture tests and acoustic emission, Meccanica 50 (2015) 1155–1166. 
https://doi.org/10.1007/s11012-013-9858-9 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 379-386  https://doi.org/10.21741/9781644902417-47 

 

 
386 

[6] B.-A. Behrens, S. Hübner, K. Wölki, Acoustic Emission – A promising and challenging 
technique for process monitoring in sheet metal forming, in: Journal of Manufacturin Processes, 
Volume 29, 2017, pp. 281–288. https://doi.org/10.1016/j.jmapro.2017.08.002 
[7] G. Shen, L. Li, Z. Zhang, Z. Wu, Acoustic Emission Behavior of Titanium During Tensile 
Deformation, in: Advances in Acoustic Emission Technology, Springer, 2015, pp. 235–243. 
https://doi.org/10.1007/978-1-4939-1239-1_22 
[8] T.V. Murav’ev, L.B. Zuev, Acoustic emission during the development of a Lüders band in a 
low-carbon steel, Tech. Phys. 53 (2008) 1094–1098. https://doi.org/10.1134/S1063784208080203 
[9] T. Chuluunbat, C. Lu, A. Kostryzhev, K. Tieu, Investigation of X70 line pipe steel fracture 
during single edge-notched tensile testing using acoustic emission monitoring, Mater. Sci. Eng. A 
640 (2015) 471–479. https://doi.org/10.1016/j.msea.2015.06.030 
[10] K. Panasiuk, L. Kyziol, K. Dudzik, G. Hajdukiewicz, Application of the Acoustic Emission 
Method and Kolmogorov-Sinai Metric Entropy in Determining the Yield Point in Aluminium 
Alloy, Materials 13 (2020). https://doi.org/10.3390/ma13061386 
[11] F. Piñal-Moctezuma, M. Delgado-Prieto, L. Romeral-Martínez, An acoustic emission activity 
detection method based on short-term waveform features: Application to metallic components 
under uniaxial tensile test, Mechanical Systems and Signal Processing 142 (2020) 106753. 
https://doi.org/10.1016/j.ymssp.2020.106753 
[12] J. Petit, G. Montay, M. François, Strain Localization in Mild (Low Carbon) Steel Observed 
by Acoustic Emission - ESPI Coupling during Tensile Test, Exp Mech 58 (2018) 743–758. 
https://doi.org/10.1007/s11340-018-0379-2 
[13] R. Khamedi, A. Fallahi, A. Refahi Oskouei, Effect of martensite phase volume fraction on 
acoustic emission signals using wavelet packet analysis during tensile loading of dual phase steels, 
Materials & Design 31 (2010) 2752–2759. https://doi.org/10.1016/j.matdes.2010.01.019 
[14] N. Pathak, J. Adrien, C. Butcher, E. Maire, M. Worswick, Experimental stress state-dependent 
void nucleation behavior for advanced high strength steels, Int. J. Mech. Sci. 179 (2020) 105661. 
https://doi.org/10.1016/j.ijmecsci.2020.105661 
[15] B.-A. Behrens, D. Rosenbusch, H. Wester, P. Althaus, Comparison of three different ductile 
damage models for deep drawing simulation of high-strength steels, IOP Conf. Ser.: Mater. Sci. 
Eng. 1238 (2022) 12021. https://doi.org/10.1088/1757-899X/1238/1/012021 
 
 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 387-394  https://doi.org/10.21741/9781644902417-48 

 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

387 

Dynamic conformity assessment for joining force monitoring using 
Bayes filters  

Lorenz Butzhammer1,a *, Fabian Kappe2,b, Gerson Meschut2,c and  
Tino Hausotte1,d  

1Friedrich-Alexander-Universität Erlangen-Nürnberg, Chair of Manufacturing Metrology (FMT), 
Nägelsbachstr. 25, 91052 Erlangen, Germany 

2Laboratory for Material and Joining Technology (LWF), Paderborn University, Pohlweg 47-49, 
33098 Paderborn, Germany 

aLorenz.Butzhammer@fmt.fau.de, bfabian.kappe@lwf.upb.de, cmeschut@lwf.upb.de, 
dTino.Hausotte@fmt.fau.de 

Keywords: Metrology, Joining, Force 

Abstract. Monitoring force-displacement or force-time curves is a widely used quality control 
technique in the field of mechanical joining. For online monitoring of self-piercing riveting, 
envelope curves are often used to define a tolerance zone for the measured setting force. However, 
the measurement uncertainty is typically not considered and the force curve of a joint can be 
wrongly rated as non-conform due to measurement errors and noise. In this article, we present a 
method for dynamical online filtering and uncertainty determination for noisy force curves using 
two types of Bayesian filters. The methodology is based on a Bayesian probability framework 
using a priori information for the process curve and sensor noise. To investigate the general 
feasibility of the method, force measurements with different noise levels are simulated and 
processed. The conformity is further assessed taking the uncertainty of the filtered signal into 
account. The results show that the Bayes filter technique is principally able to reduce noise for 
well-known characteristics of the process curve and sensor noise. Advantages over common 
filtering techniques, especially for experimental conditions with less known characteristics, are 
still to be verified. The methodology could be used in future for closed-loop controls to adapt 
process parameters dynamically. 
Introduction 
Mechanical joining is established in a variety of production processes in industry, i.e. in the 
automotive sector. Different joining processes such as self-piercing riveting (SPR) or clinching are 
increasingly adapted to further material combinations and process conditions. These processes are 
often used to join multi-material structures as thermal joining processes reach their process limits 
due to the different material properties. In case of SPR, a joint of two or more sheets is created 
using an auxiliary joining part (the rivet). The process generally consists of a punch, a blank holder, 
the rivet, the parts to be joined and the die (see Fig. 1). The process itself can be divided into four 
stages. First, the sheets are placed between the punch and the die and the blank holder fixes them. 
Subsequently, the rivet receives a feed from the punch and cuts through the punch-sided joining 
part. The joint is created by upsetting of the rivet in the die-sided sheet, which leads to a force and 
form fit connection. The process sequence and a typical force-displacement curve are shown 
schematically in Fig. 1. 

To ensure a high load-bearing capacity of mechanical joints in series production, quality 
monitoring is important. On the one hand, quality-relevant parameters such as the interlock or the 
minimum die-side material thickness are measured. These can only be detected in macro sections, 
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which leads to the destruction of the joint. On the other hand, a widespread non-destructive method 
to detect or prevent from failed joints is to record force-displacement or force-time curves. 

 
Fig. 1: Tooling for SPR and process sequence for SPR (a) as well as the exemplary joining 

force-displacement curve (b) according to [1]. 
In the case of self-piercing riveting, the guideline DVS/EFB 3410 [1] proposes two ways to rate 

if the force curve is in tolerance, window monitoring and tolerance monitoring. For the former 
method, 2D windows are defined in the force-displacement diagram that have to be crossed by the 
curve. This method is also used e.g. for clinch joining [2]. In case of tolerance monitoring, which 
considers the full process curve, envelope curves are defined as tolerance zone in which the 
measured curve must be located. In an on-line application, the process is stopped if the curve is 
out of tolerance. Several advantages such as reduced rejection rates can be achieved in this way. 

In this article, we put a focus on tolerance monitoring. For this method, it is not fully clear how 
to define a proper tolerance band and how to consider the uncertainty of the measurement during 
on-line monitoring. Increased noise of the sensor can lead to a non-conformity decision although 
the process actually is in tolerance. Here, we investigate the use of recursive Bayesian filtering, 
taking a priori information about the process curve (assessed by experiments and statistical means) 
and about the measurement uncertainty into account. Bayesian filters can principally be used to 
dynamically correct (filter) incoming sensor readouts and estimate the uncertainty of the resulting 
filtered signal [3]. There are numerous application examples throughout different disciplines, such 
as GPS tracking [4], mobile robot localization [5] and dynamic coordinate measurements [6]. We 
use the Extended Kalman Filter (EKF) and a particle filter (PF) (see e.g. [9]), which are widely 
used and are able to handle nonlinear systems.  

We investigate the performance of the filters for simulated measurements with different known 
noise levels, which represents an idealised case, but allows testing the general feasibility of the 
method. The conformity of the filtered measurements is finally rated using methods based on the 
internationally accepted Guide to the Expression of Uncertainty in Measurement (GUM). 
Methodology 
A rough summary of the methodology is given here before details are explained in the following 
subsections. The basic idea was to experimentally obtain a reference force-time curve (nominal 
curve) from repeated error-free joining events that can be used as a priori information for process 
measurements of future joining events. Experimental data is obtained by a self-piercing riveting 
process for two different material combinations. The a priori information is then fed to a Bayes 
filter for simulated sensor readouts, as well as the information of the known noise level. The 
experimentally obtained force-time curves are also used to define a conformity band around the 
reference curve. The filtered signal and its uncertainty is then used to judge if non-conformity can 
be stated, given a specified conformance probability. 

Reference Curve and Tolerance Interval. The reference curves were generated by calculating 
mean curves from ten experimental joining events. In order to create the experimental data, self-
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piercing riveted joints were created using a specially developed joining system [8]. It was selected 
due to the open interfaces and the access to all data without internal prior filtering. The system is 
equipped with an inner and outer punch as well as a blank holder. In this investigation, only the 
inner punch as well as the blank holder were used to create the joints. The motion of the inner 
punch, with which the data required for the investigation are generated, is realised using a servo-
electric drive. Joining forces of up to 80 kN and setting speeds of up to 80 mm/s can be realised in 
this way. 

The maximum permissible error of the readout setting force values are given as ±0.5 % of the 
nominal force. The accuracy was verified with a load cell (HBM C6 R, F 04063), which was 
calibrated with a universal testing machine (Zwick Z100, accuracy class 0.5). However, the 
uncertainty of the load cell due to the calibration is in a similar range in comparison to the tested 
device, so the significance of the verification is limited. This is not seen as a problem as possible 
measurement errors are significantly lower than process variations and the simulated noise levels. 

Two different sheet material combinations were used, aluminium for both sheets (Al-Al) and 
steel in combination with aluminium (St-Al). Consequently, two times ten curves were obtained 
and used for two different reference curves for the different material combinations. Due to the 
targeted application case of Bayesian online filtering with discrete time steps, force-time curves 
were used for this article. However, force-displacement curves were obtained as well and could 
also be used. The curves for the single measurements are shown in the left column of Fig. 2. 

 

 
Fig. 2: Measured curves (left column) and calculated mean as reference curve (right column) 

with 99 % prediction interval (grey area) determined from the point-by-point empirical standard 
deviations. 

The force monitoring shows a characteristic curve for the two investigated material 
combinations respectively.  The first increase in force is caused by the application of the blank 
holder. The pneumatic drive keeps this force constant throughout the entire joining process. The 
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second increase in force is attributed to the penetration of the rivet into the punch-sided joining 
part. Since the aluminium material has a greater overall thickness, the increase in force occurs a 
little earlier considering this joint. The force increases constantly until the punch-sided joining part 
is cut. This can be detected in the slight drop of the curves (see Fig. 2, detail). In the case of the 
multi-material joint, the cutting phase can be detected clearly. Due to the softer aluminium 
material, this is less pronounced in the Al-Al joint. Furthermore, a higher force is required for 
punching through the steel joint part than the aluminium joint part. The cutting phase is followed 
by a constant increase in the joining force. In this process phase, the interlock is formed. After the 
maximum is reached and the joint is embossed, the punch and the blank holder return to their initial 
position and the joint can be removed from the die. 

For data post-processing, the ten single curves respectively were synchronised and resampled 
with a time step of 10 ms. In principle, this leads to an additional uncertainty contribution. As the 
observed influence was low compared to the process variation, this contribution was however not 
considered for the calculation of the tolerance interval.  For each point in time, the arithmetic mean 
was used to extract a reference curve for the process (right column of Fig. 2). Approximating an 
underlying normal distribution, we additionally calculated the 99 % prediction interval 
(significance level α = 0.01) for single force values using the empirical standard deviation at each 
point in time, multiplied with the value of the Student's t-distribution 𝑡𝑡 = 3.25 for 𝜈𝜈 = 𝑛𝑛 − 1 = 9 
degrees of freedom and a probability of 1 − 𝛼𝛼/2. This prediction interval was used as tolerance 
interval for our later investigations. 

Simulation of Noisy Force Curves. For the investigations in this article, we simulated noisy 
sensor readouts for each material combination starting with one of the ten curves obtained by 
experiment (see section Reference Curve and Tolerance Interval). A random number following a 
normal distribution 𝒩𝒩(0,𝜎𝜎𝑤𝑤2) is added to each force value of this starting curve, simulating white 
noise. We used standard deviations of 𝜎𝜎𝑤𝑤 = 0.1 kN, 𝜎𝜎𝑤𝑤 = 0.5 kN and 𝜎𝜎𝑤𝑤 = 1.0 kN. In sum, the 
resulting simulated curves have an error component with regard to the reference curve due to the 
deviation of the underlying single curve from the mean curve (simulated process variation, which 
will be unknown to the filter) and a random error component according to the simulated readout 
noise. 

Bayes Filter. Recursive Bayesian state estimation builds the theoretical background for the used 
filters. We give a short outline for the theory, which can be found in more detail e.g. in [9] and 
with respect to Bayesian tracking by means of PF in [10]. In case of a Markov process, the current 
state of a process only depends on its previous state, which can be expressed for discrete time steps 
by a process equation 

𝒙𝒙𝑛𝑛  =  𝒇𝒇𝑛𝑛−1 (𝒙𝒙𝑛𝑛−1,𝒗𝒗𝑛𝑛−1), (1) 

where 𝒙𝒙𝑛𝑛 is the state vector at time step 𝑛𝑛 and 𝒇𝒇𝑛𝑛 the state transition function, which also 
depends on the process noise 𝒗𝒗 [10]. In our case, the state space is one-dimensional, consisting of 
the setting force as a single parameter and the state transition is simply modelled by the force 
increment Δ𝐹𝐹𝑛𝑛−1 obtained from the reference curve. Therefore, we have 𝒙𝒙𝑛𝑛 = 𝐹𝐹𝑛𝑛 = 𝐹𝐹𝑛𝑛−1 +
Δ𝐹𝐹𝑛𝑛−1 → 𝑛𝑛 + 𝑣𝑣𝑛𝑛−1. The measurements at each discrete point in time are accordingly given by 

𝒚𝒚𝑛𝑛  =  𝒉𝒉𝑛𝑛(𝒙𝒙𝑛𝑛,𝒘𝒘𝑛𝑛), (2) 

where 𝒘𝒘𝑛𝑛 is the measurement noise [10]. For our investigations, the most simple model of a 
direct measurement with additive white noise is used, i.e. 𝒚𝒚𝑛𝑛 = 𝐹𝐹𝑛𝑛 + 𝑤𝑤𝑛𝑛. 
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The goal is now to estimate the current state in form of a posterior probability density function 
𝑝𝑝(𝒙𝒙𝑛𝑛 |𝒚𝒚1:𝑛𝑛), depending on all previous measurements, but in a recursive way. For this purpose, 
the following equation can be derived using Bayes law [10]: 

𝑝𝑝(𝒙𝒙𝑛𝑛 |𝒚𝒚1:𝑛𝑛)  =  𝑝𝑝�𝒚𝒚n�𝒙𝒙n� 𝑝𝑝�𝒙𝒙𝑛𝑛�𝒚𝒚1:𝑛𝑛−1�
𝑝𝑝�𝒚𝒚𝑛𝑛�𝒚𝒚1:𝑛𝑛−1�

. (3) 

Eq. 3 represents the correction step for a Bayesian filter. The estimation of the current state 
based on all former measurements 𝑝𝑝(𝒙𝒙𝑛𝑛|𝒚𝒚1:𝑛𝑛−1) can be obtained from the Chapman-Kolmogorov 
equation [10] 

𝑝𝑝(𝒙𝒙𝑛𝑛 |𝒚𝒚1:𝑛𝑛−1)  = ∫ 𝑝𝑝(𝒙𝒙n|𝒙𝒙𝑛𝑛−1) 𝑝𝑝(𝒙𝒙𝑛𝑛−1|𝒚𝒚1:𝑛𝑛−1) d𝒙𝒙𝑛𝑛−1. (4) 

It can be seen that Eq. 4 and 3 give the link between the posterior density function of the last 
step 𝑝𝑝(𝒙𝒙𝑛𝑛−1|𝒚𝒚1:𝑛𝑛−1) and the posterior density function of the current step 𝑝𝑝(𝒙𝒙𝑛𝑛|𝒚𝒚1:𝑛𝑛). First, the 
prediction (eq. 4) is done using the process model and then a correction according to eq. 3 is done 
using the current measurement. 

The given equations represent a conceptual solution, but can generally not be solved 
analytically. For Gaussian distributions, the Kalman filter can be used in case of linear system 
equations and the extended Kalman filter (EKF) for non-linear systems by means of linearization 
[9]. Particle filters (PF) on the other hand are a class of sequential Monte Carlo methods, which 
can handle non-Gaussian distributions [10]. Particles representing possible process states are 
propagated and used to estimate a posteriori density function, which can in turn be used to get a 
state estimate and variance. 

While the system equations of our model could generally be solved with a basic Kalman filter, 
we used the EKF and a PF to be able to implement models that are more complex in future. The 
implementation was done using the EKF and PF classes of the Control System Toolbox of Matlab 
R2020b (The MathWorks, Inc.). The process noise was roughly estimated with 𝜎𝜎𝑣𝑣 = 0.01 kN and 
given as input for the filters. In case of the measurement noise, the values used for the simulation 
were also passed to the filters. Both filter types were initialised with the first value of the reference 
curve. For the particle filter, 106 particles were used and initialised with a variance of 4⋅ 𝜎𝜎𝑤𝑤. A 
Gaussian measurement likelihood function was used. The state estimate was obtained by the 
sample mean after the correction step. The standard uncertainty of the filtered curve was obtained 
from the corrected state estimation error variance. 

Conformity Assessment. Regarding conformity assessment, we used the methodology given in 
DIN EN ISO 14253-1 [11], which was originally developed with regard to geometric product 
specification. The method is based on the Guide to the expression of uncertainty in measurement 
(GUM) [12] and one of its supplements [13]. With regard to the discussed application of on-line 
monitoring, the task is to identify a curve progression that runs out of tolerance. In such a case, the 
joining process would be stopped. This should only be done if there is a sufficient probability that 
the force is not conform. Consequently, the measurement is tested for non-conformity. Considering 
the measurement uncertainty, the tolerance interval should be extended with guard bands to reach 
a certain probability of non-conformance [11]. For an assumed normal distribution, an extension 
factor (to be multiplied with the standard uncertainty) of 1.65 must be used to calculate the 
acceptance limits for a probability of non-conformance of 95 %. 

To sum up, the Bayes filter is applied to reduce the measurement noise considering a priori 
knowledge. The estimated force values as an output of the filter are dynamically tested for non-
conformity by checking if the filtered force value is out of the acceptance interval, which is formed 
by the tolerance interval plus guard intervals that depend on the estimated standard uncertainty of 
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the filtered signal. As the filters need a certain time to settle with a reduced uncertainty, the time 
span from 𝑡𝑡 = 0 to 𝑡𝑡 = 0.1 s was not considered for conformity assessment. 
Results and Discussion 
The simulated noisy measurements are shown in the left column of Fig. 3 for the material 
combination St-Al. The insets show zoomed-in views around the point where the cutting through 
the punch-sided sheet starts and the point where the punch-sided joining part is cut. 

It can be seen that a noise level of 𝜎𝜎𝑤𝑤 = 0.5 kN and 𝜎𝜎𝑤𝑤 = 1 kN leads to a measured signal that 
distinctly exceeds the tolerance interval. It is even hard to identify the different stages of the 
piercing riveting process. 

In the right column of Fig. 3, the filtered version of the measurement signal is presented. The 
extended Kalman filter was used for the figure, but throughout our investigations, the particle filter 
led to nearly identical results. This can be expected as Gaussian distributed noise was simulated 
and modelled. Differences would be expected if the probability distributions had major deviations 
from the Gaussian shape. Significant differences only exist in the starting phase up to around 
𝑡𝑡 = 0.1 s until the filters show a stable behaviour with small variance. As already mentioned in 
the previous chapter, the non-stable time span was excluded from conformity assessment. For the 
use in real applications, it should be ensured that the filter is stable at the onset of the joining 
process. 

The zoomed-in views show that the filtered signal is close to the true values. It has to be 
emphasised that these true values deviate from the reference curve and were therefore not directly 
used as a priori information. In Fig. 3, the true curve is not in the centre of the tolerance interval, 
which was constructed symmetrically around the reference curve. 

When the non-conformity evaluation is applied, it shows that all filtered curves are within the 
acceptance interval (also for the filtered Al-Al curves, which are not shown here). Non-conformity 
can therefore not be stated with a probability of 95 % or higher. This is the desired result as the 
noisy curves were simulated from a curve that was used to construct the tolerance interval. It 
should however be noted that using a different curve from the experimental repetitions as starting 
point for simulation could result in a different decision. For real applications, a greater tolerance 
interval might be used to cover acceptable variations from different process conditions. Long-term 
data and a comparison with other quality inspection techniques might be a sound basis for this, 
although the concrete implementation is an open question. 

While we performed our simulations and data processing off-line, the method in principle can 
be used for real-time filtering. However, we did not evaluate run times and the real-time capability. 

The investigated noise levels are higher than for typical sensor outputs from closed 
measurement systems used for self-piercing riveting. If the acceptable process variation is multiple 
times greater than the sensor noise, the achievable improvements due to the filtering might not be 
significant. Unknown systematic measurement errors might further deteriorate the results. A 
Bayesian framework could however be interesting in special applications, e.g. if information from 
multiple sensors has to be fused. 
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Fig. 3: Results for the material combination St-Al. Left: Simulated process curves with different 

noise level (red curve) and indicated tolerance interval (blue curves). Right: Filtered signal 
(extended Kalman filter, red curve) and indicated acceptance limits (Tolerance interval extended 
with guard bands that depend on the uncertainty output from the Kalman filter, blue curve) for a 

probability of non-conformance of 95 %. 
Summary 
In this article, a methodology to increase the accuracy of dynamic force measurements for 
mechanical joining by Bayesian filtering and to assess the conformity in the sense of quality 
monitoring, taking the measurement uncertainty into account is presented. A reference curve was 
statistically obtained from acceptable joints and used as a priori information for an extended 
Kalman filter and a particle filter. The filter performance was demonstrated by means of simulated 
measurements with different noise levels. It was shown that the measurement noise can effectively 
be reduced and the conformity properly assessed. The presented investigations should only be seen 
as a proof of principle that Bayes filters can theoretically be used to reduce noise and estimate the 
uncertainty for force-time or force-displacement curves obtained by mechanical joining. The noise 
levels investigated here do not represent typical conditions for commercial devices. For real 
applications, the behaviour and dependencies of sensors are additionally more complex and the 
noise characteristics as well as specific systematic errors are not necessarily known. The filter 
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performance deteriorates the more the assumed characteristics of the sensors and of the process 
deviate from reality. This can even lead to results that are inferior to filters that rely on observation-
only inference [14]. Regarding future work, it remains to be shown that the methodology is 
advantageous for real noisy data and is outperforming non-Bayesian filters. For joining processes 
and sensors that cannot be accurately characterised, there might be no improvement. However, for 
well-characterised systems, Bayesian filtering might be a useful technique for future application 
cases, where process parameters are dynamically adapted in a closed-loop control. 
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Abstract. With regard to environmental protection, the sustainability of production processes is 
decisive. Mechanical joining technologies like self-piercing riveting are of special importance with 
regard to realising lightweight constructions in the automotive industry. However, the production 
of self-piercing rivets is costly, time-consuming and energy-intensive, as the rivets conventionally 
must be heat treated and coated in order to ensure an adequate strength, ductility and corrosion 
resistance. Within this paper, it is shown by the example of a newly established rivet manufacturing 
process how the sustainability of fastener production can be increased. The general approach in 
this context is the use of alternative, high strain hardening stainless steels as rivet material, which 
allows the omission of the post treatment of the rivets after forming. The shortening of the process 
chain enables a more sustainable rivet production. Thus, not only the energy consumption is 
reduced, but also costs, which is why the novel manufacturing process is also of interest from an 
economic point of view. 
Introduction 
The protection of the environment and the natural resources as well as the tackling of climate 
change are challenging issues for the manufacturing industry. Hence, new industrial solutions that 
enable a reduction of CO2 emissions and energy consumption have to be found [1]. To reach a 
reduction of emissions in car traffic, the lightweight design of car bodies is an established method. 
The lightweight design causes an increasing use of multi-material structures made of high-strength 
steel and aluminium. To join these materials the use of mechanical joining techniques like the 
self-piercing riveting (SPR) is emerging [2]. The process stages of SPR and the characteristic joint 
parameters are shown in Fig. 1. 

 
Fig. 1. Characteristic of the SPR process according to [3]. 
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The rivet is pressed into the clamped sheets and pierces the punch-sided material. After that, 
the rivet flares and an interlock is created within the die-sided sheet. The interlock is the most 
important property of the joint, because it is an indicator for the expectable joint strength [4]. The 
joining result depends on the rivet and the die, which are selected in accordance to the strength, 
the ductility and the thickness of the sheets to be joined [5]. Rivets for SPR differ in geometry, 
material and the surface condition. As a function of the materials used for car bodies, several 
different rivet geometries were developed in the past. Due to the challenges when joining 
high-strength steel, especially on the die side, the authors have designed a new rivet geometry for 
the joining of two challenging material combinations consisting of high-strength steel HCT780X 
and aluminium EN AW-5083 in former studies [6]. Based on this rivet geometry an innovative 
rivet with special properties and a completely new approach of the rivet manufacturing process are 
developed, as explained within this paper. 
Approach for a sustainable process chain 
A holistic view of the process chain related to SPR refers not only to the joining process itself, but 
includes the entire life cycle from the material production process to the use of the finally joined 
components, as illustrated in Fig. 2. There is a great potential to improve the process efficiency 
and sustainability of the rivet manufacturing process in particular. 

 
Fig. 2. Entire SPR process chain and comparison between new and conventional rivet 

manufacturing process according to [7]. 
Rivets are generally made out of high-strength boron steels [5] and are formed in multistage 

cold forming processes [2]. To ensure an adequate strength and a good corrosion resistance, the 
rivets must be heat treated and coated after the rivet forming process [8], which makes the entire 
rivet production time-consuming, energy-intensive and costly. Especially the heat treatment 
process, more precisely the hardening and tempering of the rivets, is energy-intensive. 
Unfortunately, the authors have no insight into the energy and cost structure of the manufacturing 
companies. This is why only a qualitative evaluation with regard to the rivet manufacturing process 
is possible. However, it is known from [9] that about 40 % of the energy that is used in the 
industrial environment in Germany is attributed to heat treatment processes. This is underpinned 
by the results of a scientific analysis carried out by Mendioka et al. [10] concerning the energy 
consumption of a steel foundry, which reveals that more than a third of the total gas of the company 
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is consumed due to the heat treatment. As a logical consequence, there is a need to avoid the heat 
treatment of cold formed components. Considering in addition the wide use of mechanical joining 
operations and the rising energy prices, a more sustainable and economical rivet manufacturing 
process is needed. 

The approach presented in this paper relates to the shortening of the rivet manufacturing process 
chain by eliminating the need of the post treatment of the rivets in order to increase the process 
efficiency and the sustainability. The key aspect for this is the use of high strain hardening stainless 
steels as rivet material. An overview of a selection of potential rivet materials is given in Fig. 3. 

 
Fig. 3. True stress - true strain curves and chemical composition of new rivet materials in 

comparison with conventional rivet material 38B2 according to [3]. 
In the context of the material choice, high nitrogen steels such as the featured steel 1.3815 

represent a promising option. The chosen material 1.3815 is an established high nitrogen steel, 
which was already used for highly stressed retaining rings for turbo-generators due to its excellent 
material properties [11]. Steels of this type are characterised by an exceptionally high nitrogen 
content and provide a high strength, ductility and corrosion resistance [12]. Due to the high strain 
hardening, a sufficient rivet strength for joining can already be achieved through the forming 
process. Therefore, the usual heat treatment and coating of the rivets becomes obsolete leading to 
cost, time and energy savings. Thus, the benefits of forming as an efficient and sustainable 
technology are fully exploited. Furthermore, the comparison between the conventional and the 
new process in Fig. 1 also reveals that the new process consists of two forming stages in contrast 
to the usual up to six stages in industry. Consequently, energy and costs required for the 
manufacture of additional forming tools including the tool materials can be saved. It must be 
pointed out that the production of materials such as high nitrogen steels involves more expenditure 
compared to conventional steels, which is opposed to the cost and energy savings by omitting the 
heat treatment and the coating. There is a need for future research and development in relation to 
the material production processes in order to exploit the potential for energy and cost savings in 
this field as well. Nevertheless, the new approach contributes to an increase in economic efficiency 
and sustainability of the rivet manufacture. As SPR is used in the automotive sector in particular, 
this is also an important step on the way to fully sustainable mobility in the future, because the 
production history of each individual vehicle component counts in this case. 
Forming of Rivets with Graded Mechanical Properties 
The new rivet manufacturing process, as presented by the authors in [7], consists of two forming 
stages, cup-backward extrusion in stage 1 in combination with the forming of the rivet head and 
foot in stage 2. The mechanical properties of rivets, besides the rivet geometry, are decisive for the 
joining process and for achieving an adequate joint formation. This applies in particular to 
challenging joining tasks such as the joining of high-strength steels on the die side. The hardness 
analysis of the new rivets made of 1.3815 (Fig. 4a) reveals that over the whole rivet cross section 
a mean hardness of about 600 HV 0.02 is reached. Thus, the hardness range of conventional rivets 
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made of boron steel, which is 480 HV ± 30 HV in the heat treated condition [6], is not only 
completely covered, but even extended by the new rivets manufactured without heat treatment. 

 
Fig. 4. a) Rivet hardness after forming according to [7] and b) Local hardness in dependence of 

the selected rivet sections. 
A particular potential of the new rivet manufacturing process lies in the fact that the hardness 

gradation after forming remains intact in contrast to conventional heat treated rivets exhibiting 
homogenous mechanical properties. This provides the chance to specifically adapt the hardness 
according to the requirements during the joining process, either by selecting different forming 
sequences or by replacing the rivet material. In this case, the presented two-stage forming process 
is chosen in order to create a beneficial hardness distribution with regard to the special 
requirements arising in particular when joining high-strength steels. This results in varying 
hardness values in different rivet sections, as depicted in Fig. 4b. Inside high-strength materials 
the flaring process is problematic [5]. The interlock formation that is essential for the joint 
formation and the resulting joint strength is influenced by the flaring. A too low flaring can be the 
reason for an insufficient interlock. Against this backdrop, the achieved hardness gradation of the 
new rivets is advantageous. For joining with conventional rivets, a risk for the occurrence of cracks 
in the transition area between the outer rivet shank and the rivet head in particular was found in [6]. 
In addition to the high ductility of high nitrogen steel, which is even maintained for high strains, 
the comparatively lower hardness in section A is beneficial before the background of the risk of 
cracks. In accordance with this assumption, no cracks after joining using the new rivets made of 
1.3815 could be found. To avoid the excessive deformation of the rivet shank, what is known to 
be a high risk when joining high-strength steel [2], the sections B and C are characterised by a 
relatively high hardness. The mean hardness in the outer area of the rivet foot, section D, is lower 
compared to the hardness in section E and thus facilitates the rivet flaring and the interlock 
formation. Moreover, the comparatively high hardness in section E ensures that the foot chamfer 
is not deformed while cutting the upper sheet, especially in case of using high-strength steel on the 
punch side, because the chamfer is important for the subsequent beginning of the flaring. Thus, 
the gradation of the rivet hardness can be used to support the joining. 

The results of the hardness analysis for another potential rivet material, the stainless steel 
1.4541, are also shown in Fig. 4. As the initial hardness and the strain hardening of 1.4541 differs 
from the high nitrogen steel 1.3815, different hardness levels are achieved in dependency of the 
material. The transferability of the approach demonstrates the potential for manufacturing a wide 
range of rivets with graded mechanical properties, which can be set depending on the requirements 
of the joining process. This enables the production of customised rivets to realise joining processes, 
which are not possible using conventional rivets. 
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Joining of High-Strength Materials 
The use of a new rivet material provokes some issues for the joining process. One benefit of the 
corrosion resistance of the new rivet material is that the coating can be omitted. However, it is 
known from [13] and [14] that the surface conditions of the rivet and the sheets have an influence 
on the friction between the rivet and the sheet materials during the joining process. Because of the 
changed friction properties, the rivet deformation and the generation of the interlock are affected. 
However, a study concerning the influence of the rivet surface condition came to the finding that 
the friction influence is limited and especially the friction properties of uncoated rivets and rivets 
plated with the common coating Almac® are very similar [3].  

As stated at the beginning, the new rivet is designed for the joining of material combinations 
consisting of high-strength steel and aluminium to cover a wide and relevant range of joining parts. 
The validation of the approach is conducted for the material combinations specified in Fig. 5. For 
the comparison to a conventional rivet, the rivet type from [6] is used. This rivet has a geometry, 
which fulfils the requirements of both material combinations. It is made of boron steel 38B2 and 
quenched and tempered to a hardness level of 480 ± 30 HV. The surface is coated with Almac®. 

 
Fig. 5. Material combinations and mechanical properties of the sheet materials to be joined. 
The comparison between the conventional rivets and the new type of rivet made of 1.3815 and 

1.4541 is initially made by evaluating the rivet deformation and the joining results based on 
multi-step joining tests. In the cross-section of the joints, the deformation of the rivets can be 
analysed within the different process stages (Fig. 6). Due to geometrical deviations of the rivets 
made of 1.3815 and 1.4541 compared to the target geometry that are caused by the forming 
process, the rivet head diameter is much lower than with conventional rivets. Further deviations 
are existing within the rivet foot. However, the geometrical deviations do not impede the joining 
process. Instead, it can be demonstrated that the joining result with rivets made of 1.3815 fulfils 
the common quality criteria of [4] and that the new rivet has a competitive joining performance 
compared to conventional rivets. In addition to the examination of the geometrical deformation of 
the rivets, the hardness within the rivets is measured for each step so that the change in the material 
condition can be analysed, too. As the material condition is almost homogenous within the 
conventional rivet, due to the heat treatment, the material hardness within the new rivet type is 
locally different. In the first process step, the initial hardness distribution is still existent. Compared 
to the conventional rivet, the hardness within the outer rivet foot is lower than with the rivet made 
of 1.3815. Nevertheless, as the hardness within the conventional rivet increases by approx. 15 % 
during the joining process, the increase of the hardness within the rivet foot of the rivet made of 
1.3815 is much higher and at the end of the process a comparable hardness is reached. The hardness 
distribution within the rivet made of 1.4541 is similar to the hardness distribution within the rivet 
made of 1.3815, but the hardness level is much lower. The lower material strength of 1.4541 causes 
the compression of the rivet and no joint can be created. Therefore, it can be seen, that the rivet 
material strength has a significant influence on the deformation behaviour of the rivets and the 
joining result. 

Material combination 1

Material combination 2

Material
Sheet 

thickness
(mm)

Yield
strength YS 

(MPa)

Tensile
strength TS 

(MPa)
HCT780X 1.5 564.1 ± 2.2 860.8 ± 1.3

EN AW-5083 1.5 157.3 ± 1.0 291.5 ± 0.6
Tensile test; n = 5; rolling direction = 0°
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Fig. 6. Joining result with conventional rivets and rivets made of 1.3815 and 1.4541 in 

accordance to [3]. 
However, as the competitive joining of the two material combinations with rivets made of high 

nitrogen steel 1.3815 could be proved by the illustrated joining tests, the joint strength has to be 
determined, too. Therefore, in [15] the strength of joints riveted with conventional rivets and rivets 
made of 1.3815 was analysed by experimental tests. Tests under quasistatic load were conducted. 
The reached maximum force until failure of the joint and the kind of failure were evaluated. By 
doing so, it could be found that the smaller rivet head diameter of the rivets made of 1.3815 
provokes a lower joint strength of approx. 25 % when testing material combination 2. The 
punch-sided aluminium sheet is teared over the rivet head at a reduced force compared to a rivet 
with a bigger head diameter. Because of that, the elimination of the geometrical deviations of the 
new rivets has to be a goal of further research. 
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Summary and Outlook 
As an approach for sustainable manufacturing, the potential of a novel rivet manufacturing process 
to save costs, time and energy is pointed out. The usually necessary treatment of the rivets after 
forming, including hardening and tempering as well as coating, can be omitted due to the use of 
high strain hardening stainless steel as rivet material. Thus, the entire process chain is shortened. 
Additionally, the new approach makes it possible to produce rivets with graded mechanical 
properties. This is a special feature compared to conventional rivets, which provide homogeneous 
properties due to the heat treatment. This opens up the opportunity of producing customised rivets 
with a varying local hardness. In this paper, the achieved hardness distribution of rivets formed 
from the high nitrogen steel 1.3815 and the stainless steel 1.4541 using the new rivet 
manufacturing process is discussed with regard to the requirements of the subsequent joining. 
Furthermore, the impact of the changed rivet properties on the joining process is assessed. In this 
way, a holistic evaluation of the process route is ensured. Material combinations of high-strength 
steel and aluminium alloy can be successfully joined with the new rivets. Nevertheless, it must be 
stated that the geometrical deviations of the rivets must be reduced in order to ensure an adequate 
joint strength. Therefore, future work will focus on the further development of the tool concept 
and on improved forming strategies to extend the existing process limits due to the high tool loads. 
Further research regarding tailored mechanical rivet properties will be conducted as well to 
improve the performance of riveted joints. In the future, the approach can be transferred to various 
fastener production processes to reduce energy consumption, costs and time. This contributes to a 
reduction of emissions and the protection of natural resources, which is an important factor for the 
increase in economic efficiency ensuring the competitiveness of manufacturers. 
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Abstract. Dry processes represent promising approaches in forming technology to improve 
environmental aspects and human health by avoiding harmful substances and additives of 
conventional lubricants. Among many different approaches for dry forming investigated within 
the priority program SPP 1676, this paper addresses the use of volatile media as lubricants such as 
CO2 or N2. These volatile media are introduced directly into the interstice between sheet metal and 
tool surface via microinjectors. Indeed, this does not contradict the principle dry forming approach, 
as dry forming is defined as a process in which no residues are left on the surfaces [1]. This is 
ensured by the complete evaporation of the volatile media. The general feasibility of this novel 
tribological system has already been demonstrated in previous research work. However, despite 
good tribological results, the manufacturing costs of the required tool inserts and the media 
consumption per component are not yet economically competitive with conventional tribological 
systems. Therefore, this paper focuses on new designs of dry deep-drawing tools utilising volatile 
lubricants, considering the economics of different manufacturing processes. 
Introduction 
The use of lubricants has always been mandatory in sheet metal forming. The purpose of lubricants 
includes the reduction of wear phenomena such as abrasion and adhesion, both on the tool and on 
the components, as well as the reduction or modification of friction forces. Mineral oils, water/oil 
emulsions and wax-type dry lubricants are usually used for this purpose. These lubricants often 
contain ingredients that are harmful to health and environment such as chlorinated paraffins, which 
are intended to improve the properties of the lubricants. On the one hand, these lubricants have to 
be applied onto the surface of the sheet metal, on the other hand, they have to be removed from 
the component´s surface after forming in order to enable subsequent processes such as painting, 
welding or bonding. These efforts can be avoided by using volatile, additive-free lubricants. Fig. 1 
shows the approach for applying such volatile lubricants in deep drawing processes. Here, CO2 or 
N2 are introduced directly into the friction zone under high pressure via microinjectors integrated 
into the tool surface. After opening the tools, the lubricants evaporate without leaving any residues. 

In a basic research project lasting several years, various parameters of dry forming with volatile 
media were investigated experimentally, starting with simple strip drawing tests. In this way, the 
influences of different microinjector designs and arrangements, structured tool surfaces, surface 
coatings, sheet metal materials, varying contact normal stresses and media pressures were 
investigated [1]. 
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Fig. 1: Process scheme of dry deep drawing lubricated by volatile media. According to [2] 
Subsequently, the tribological conditions at tool radii were also investigated experimentally 

using specific stretch bending tests. Thus, the influence of different radii, injection angles of the 
volatile lubricants, locally deviating contact stresses and media pressures were analysed. As a 
result, the critical tribological area of tool radii could be optimised. 

The findings gained were used to realise a deep-drawing tool of a rectangular cup for single-
stroke investigations. Here, a two-part shell design (cf. Fig. 2b) was used to simplify the integration 
of feeding and distribution channels into the die and blank holder. Afterwards, these tool inserts 
were utilized to experimentally determine the process window for CO2 (liquid) and N2 (gaseous, 
60 bar), N2 (gaseous, 100 bar) as well as for a conventional mineral oil-based drawing oil 
(ZO3368) as lubricants. The result of this investigations demonstrate the clear increase of the 
process range and therefore the process reliability for all volatile lubricants [3]. 

At the end of the fundamental investigations carried out, wear tests were performed with a new, 
series-oriented laboratory endurance run of a rectangular cup tool and the most promising volatile 
lubricating medium CO2, liquid. The results were compared to experimental series with the 
conventional mineral oil ZO3368. During the endurance test series with CO2 and the mineral oil 
ZO3368, 1000 rectangular cups each were drawn from the sheet metal material DC05+ZE. Neither 
adhesions on the tool surface nor abrasions on the surface of the parts could be detected for all 
1000 deep-drawn rectangular cups using liquid CO2 as volatile lubrication [4]. 

Despite the promising findings regarding the tribological performance, the tool insert design 
used in the basic investigations (two-part shell) reveal some economic disadvantages. For example, 
the valves controlling the media flow could not be mounted directly onto the tool inserts, which 
resulted in an increase in media consumption per part due to longer supply tubes to the tool. The 
dismountable sealing concept between the two shell parts of blank holder and die was also 
associated with high efforts in cost and time regarding manufacturing and assembly. Overall, the 
manufacturing costs of the tooling inserts used for the investigations on volatile lubrication 
described above were more than four times higher than those of the conventional tool inserts for 
the reference test series with ZO3368. 
Tooling concepts 
Hence, the aim of the study described as follows was, on the one hand, to reduce high tool costs 
and, on the other hand, to improve economic aspects of the new lubrication system by developing 
new tool concepts for blank holders and dies in dry deep drawing processes using volatile 
lubricants. For this purpose, based on design catalogues and literature research a morphological 
list of alternative features for tools with media supply was elaborated. Based on this, the most 
valuable concepts were selected and specified in detail.  

When elaborating the morphological list, five essential tool features were identified by 
abstracting the deep-drawing tools for dry forming using volatile lubricants. These tool features 
are in detail the basic tool material, the design, the joining method of tool components, the sealing 
method and the manufacturing process of the microinjectors. A brief excerpt of alternatives of 
identified features are listed in Table 1. Based on this list, six solution concepts were extracted, 

51 42

CO2 or N2

3
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which are colour-coded in Table 1. Each concept was named on the basis of the individually 
selected design, as this ensures a clear identification. 

Table 1: Morphological listing of feature alternatives and solution concepts 

 
Rating of the solution methods 
The evaluation of the six solution concepts was carried out on the basis of selected criteria 
corresponding to the general requirements for forming tools with integrated media channels and 
microinjectors defined and developed during the former basic research investigations. For each 
criterion, a score of zero points (not suitable) to ten points (fully suitable) were assigned. For 
scoring, numerous literature sources, product examples, expert opinions and the experience gained 
from the basic investigations were used in order to ensure the most objective and balanced rating 
of an appropriate tool design. The relevant results of the evaluations, including all criteria, are 
provided in Table 2. 

Table 2: Evaluation of all proposed solution concepts 

 
In general, the four best-ranked solution concepts show a beneficial manufacturability from a 

technical point of view. In the case of casting (5th rank), there are limitations in terms of 
manufacturability with regard to channels with small cross-sections and cross-sectional changes 
in the form of distortion and cracking as well as shrinkage. Due to the small channel structures, 
only a complex and expensive fine casting process can therefore be considered for this solution 
method. The solution as a monobloc with complex deep-hole drilling and the small wall 
thicknesses is extremely questionable and can only be implemented to a very limited extent. 
Therefore, the manufacturability of this method is rated with a score of zero points. In the 
following, only the four best-ranked solution concepts are considered and specified in more detail. 
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Fig. 2: a: 3D-LMF [5], b: Shell design [6], c: LDW cover layer [7], d: LOM [8] 

1st rank solution concept “3D-SLM”. The metal 3D printing process received the highest score 
in the evaluation of the different solution concepts. Due to the high geometric accuracy, laser metal 
fusion (LMF) is intended for this application [9]. With this process, the microinjectors presumably 
can be introduced directly into the tool components during printing, thus avoiding subsequent laser 
drilling or EDM in the three-dimensional tool body. According to current preliminary tests, bore-
shaped structures with a minimum diameter of 0.1 to 0.2 mm can be produced with the LMF 
process using appropriate metal powders and equipment (see Fig. 2a). Due to the surface roughness 
of printed surfaces (approx. 30-55 µm with LMF), however, a machining of the tool surfaces will 
be required. A limitation of this concept could be the availability of high-strength materials in 
powder form. Available tool steels (e.g. 1.2709) today only achieve a hardness of approx. 43-52 
HRC [10]–[12]. Hence, the characterisation of the variety of shapes of the tool inserts in relation 
to the economic efficiency by printing with regard to the achievable strength and surface topologies 
is in the focus of this solution concept. Furthermore, the relatively high nickel content of 1.2709 
leads to a higher adhesion tendency. Here, the use of relatively new, qualified tool steels in powder 
form taken from the group of 8% chromium steels (e.g. W360) promises a remarkable 
improvement. The achievable working hardness for this group of steels is approx. 55-57 HRC [10], 
[13], so that almost the same results could be achieved with printed tool inserts as with 
conventional tool steels.  

2nd rank solution concept “Shell Design”. The shell design is frequently used for deep-drawing 
tools in press hardening technology and is therefore established and well known as a design 
principle in industrial application. Press hardening tools have a segmented design into separate 
shells to enable the manufacturability of complex internal cooling devices. The cooling channels, 
necessary for quenching the blanks, are usually located in the basic tool structure of the punch and 
die. This is closed with a cover layer (upper shell) often made of hot work steel having a high wear 
resistance. The inlet and outlet holes to the cooling channels often require deep-hole drilling [14]–
[16]. The design principle of segmentation in shells already was successfully used for the basic 
investigations in the above-mentioned dry forming project (c.f. Fig. 2b). Here, however, cost-
intensive deep-hole drilling was necessary for the media supply channels in the two-part shell 
design. A further optimisation of the shell design is therefore a three-part segmentation to simplify 
the insertion of supply channels. 

The advantages of the shell design are a relatively high rigidity and a relatively simple and cost-
efficient production of the individual segments. The sealing of the shells to each other has so far 
been carried out in a complex way by dismountable sealing systems. In order to improve an 
economic manufacturing process, non-demountable joining processes such as soldering or gluing 
will be considered in future. 

3rd rank solution concept “Laser Deposit Welding”. In this solution, the intended tool inserts 
are not to be produced completely by laser deposition welding (LDW). Rather, LDW aims to 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 405-412  https://doi.org/10.21741/9781644902417-50 

 

 
409 

completely cover the media channels introduced by machining in a conventional steel plate as 
depicted in Fig. 2c. In this way, a relatively high degree of design freedom can be achieved for the 
feed and distribution channels introduced into the tool inserts. Properties such as hardness and 
strength can be positively influenced by suitable additive materials applied to the surface of the 
tool insert by means of LDW.  

Due to the application of individual welding paths, however, a geometric notch effect (c.f. 
Fig. 2c) occurs in the freely spanned areas of the channels, which is supplemented by a 
metallurgical notch effect due to the successive microstructure solidification during welding. This 
reduction in component-strength can be countered by a high tensile strength and residual ductility 
of the additional material of the cover layer. Even with the LDW concept, the microinjectors still 
have to be introduced subsequently by electrical discharching, laser drilling or conventional micro-
machining. Sealing of the individual layers is not necessary due to the metallurgically-bonded 
microstructure [7]. 

4th rank solution concept “Laminated Object Manufacturing”. The laminated object 
manufacturing (LOM) process is a well-known concept for prototype and small-series forming 
tools. Here, the tool inserts are constructed from individual, stacked sheet metal laminates (see 
Fig. 2d). The idea is to divide the complex tool geometry into individual, easy-to-make laminates. 
These laminates can be produced inexpensively using common processes such as laser cutting, 
water jet cutting or punch nibbling [8], [17]–[19]. The advantage is that with the horizontal 
arrangement of the laminates the feed and distribution channels can be freely designed avoiding 
expensive drilling of deep boreholes. The disadvantages of this technology are given by the 
additional machining of the stair-step effect occurring between the individual sheet metal layer 
and the reduced structural rigidity of the tool body compared to solid tools. The compressive 
strength due to the media pressure in the tool inserts can be ensured by a sufficiently dimensioned 
cover plate (possibly made of tool steel). 

Furthermore, all laminates must be joined together in a pressure-tight manner by surface 
bonding, welding or soldering, as otherwise the volatile media would escape. Especially bonding 
with epoxy resin and furnace brazing will be investigated because of their simple and cost-effective 
application. The two-dimensional joining of the individual layers also increases the structural 
rigidity of the tool inserts, as shear stresses can be transferred between the individual layers. The 
internal pressures in the channels of the media are a maximum of 10 MPa (= 100 bar), and the 
areas exposed to the internal pressure are very small. According to Volkersen's calculation method 
[20] and the geometric boundary conditions, the shear stresses occurring in the joint layer amount 
to τmax ≈ 5 MPa. The equivalent stress (Tresca) including the normal stress reaches a calculated 
maximum of approx. 17 MPa. This strength can be easily achieved with commercially available 
epoxy adhesives and solders [21]. 
Economic considerations 
From an economic point of view, the equipment investments for oil application, component 
cleaning and the disposal costs for the cleaning residues may be found as the main cost drivers of 
conventional tribo-systems in sheet metal forming. These costs are completely eliminated by using 
dry forming with volatile media. Especially when using CO2 as volatile lubricant, a cleaning effect 
of anti-corrosion oils attached to sheet metal materials could be observed. This cleaning effect has 
to be quantified in future investigations by recording the basic oiling and the residual oil quantity 
after forming. This could also enable application in the fields of electrical systems, food 
technology as well as medical and pharmaceutical engineering.  

However, according to current purchasing costs, the use of conventional lubricants is 
significantly cheaper than the volatile media to be used. In the previous experimental 
investigations on volatile lubricants, approx. 9·10-2 kg CO2 was used per component. This is not 
only due to the outflow under high pressure during forming, but also to the blind volume of the 
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supply line from the valves and the distribution channels in the tool. Above all, the blind volume 
due to the distance of the valves from the tool surface need to be significantly reduced in a new 
tool design in order to reduce the amount of volatile lubricant used. 

Regarding the different tool designs, no final evaluation can be made yet without actual 
production and endurance testing. However, some expected trends and correlations already can be 
outlined. In the 3D-LMF process, utilise material volume will correlate directly with costs. For an 
economical application, it is essential to keep the mass of the tool inserts as low as possible while 
maintaining high strength and stiffness by optimising the structure of the tool inserts. If the 
microinjectors can be integrated into the tool inserts during the printing process, the economic 
efficiency of the 3D printing process will increase significantly. The costs for the shell design and 
the laser deposition welding design will be close to each other. For the shell design the joining and 
sealing technology is more complex and for the laser deposition welding the process is more cost-
intensive. The sheet metal laminates will be moderately cheaper in terms of the sheet metal 
material used. Here, the expenditure for joining will be decisive for the total costs. 

During future endurance tests planned, all four best ranked solution concepts will be 
investigated in the same progressive die in order to avoid an influence of the overall tool design. 
The aim of these tests is to quantify tool life, wear and friction force for the different tooling 
concepts. 
Outlook 
At present, a progressive die is being designed for the planned experimental investigation of the 
tooling concepts, in which the tool inserts considered for the dry deep-drawing operation will be 
installed (c.f. Fig. 3). A force measurement for the friction-sensitive punch force of the drawing 
stage will be integrated into this tool structure in order to measure the friction forces. The wear 
will be measured by means of the surface changes of the active tool surfaces using a confocal 
microscope. For this purpose, the tool inserts will be removed from the tool at defined intervals 
and measured.  

 
Fig. 3: Design draft of the planned progressive die with sheet metal strip 

In order to cover a broader field of application of the novel lubrication system, three sheet metal 
materials (DC05+ZE, CR280BH and DP500) will be investigated. For each combination of 
lubricant, sheet metal material and tool design, 5000 components are scheduled. Thus, a total of 
120.000 cups will be deep-drawn during the scheduled tests. To keep the material costs as low as 
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possible, a relatively small oval cup geometry has been selected. The geometry of the cup and the 
design of the progressive die are shown in Fig. 3. 

As shown in Fig. 3, the first operation in the progressive die is the piercing of the pilot holes. 
Subsequently, the blank geometry having four retaining sheet stripes is cut out on the progressive 
strip in operation two and three. In the fourth operation, the parts are deep-drawn and then cut off 
at the strip. The drawing and shearing stages are completely separated from each other by their 
own tool frames in order to adjust the part holder forces for shearing and the blank holder force 
for deep-drawing independently of each other and to remove the individual operation stages 
individually. This design ensures an easy access for surface measurements on the blank holder and 
die. 
Summary 
In this study, methods for the economic manufacturing of tool inserts for dry deep-drawing with 
volatile lubricants were presented based on a methodical approach. By means of a criteria-based 
evaluation, four suitable tooling concepts were selected, which will be examined and evaluated in 
detail in future investigations. The results of these investigations will show to which extent the 
preliminary evaluation of the concepts presented here needs to be adjusted. With the selected four 
solution methods for the deep-drawing tool inserts, the economic efficiency and thus also the 
acceptance in industrial application of volatile lubrication will improve significantly. These new 
approaches will be one step further to more economic, sustainable and ecologic manufacturing 
processes. 
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Abstract. The reshaping of End-of-Life (EoL) components by means of sheet metal forming 
process has been considered largely attractive, even from the social and economic point of view. 
At the same time, EoL parts can be often characterized by non-uniform thicknesses or alternation 
of work-hardened/undeformed zones as the results of the manufacturing process. Such 
heterogeneity can hinder a proper reshaping of the EoL part and residual marks on the re-formed 
blanks can be still present at the end of the reshaping step. In a previous analysis, the authors 
evaluated the effectiveness of reshaping a blank with a deep drawn feature by means of the Sheet 
Hydroforming (SHF) process: it was demonstrated that residual marks were still present if the deep 
drawn feature was located in a region not enough strained during the reshaping step. Starting from 
this condition and adopting a numerical approach, additional investigations were carried out 
changing the profile of the load applied by the blankholder and the maximum oil pressure. 
Numerical results were collected in terms of overall strain severity and residual height of the 
residual marks from the deep drawn feature at the end of the reshaping step. Data were then fitted 
by accurate Response Surfaces trained by means of interpolant Radial Basis Functions, 
subsequently used to carry out a virtual optimization managed by a multi-objective genetic 
algorithm. Optimization results suggested the optimal value of the output variables to reduce the 
marks from the deep drawn feature without the occurrence of rupture. 
Introduction 
Production of just five key materials (steel, cement, paper, aluminum, and plastic) accounts for 
over half of all the greenhouse gas (GHG) emissions released by industry worldwide each year 
[1]. Primary aluminum production process is the most energy and emissions intensive among the 
aforementioned materials [2]. Aluminum production industry is responsible for about 3% of the 
world’s 9.4 Gt of direct industrial CO2 emissions in 2021 [3]. Since 1971, the global demand for 
aluminum has increased by nearly six times; although during the Covid-19 pandemic the aluminum 
production fell flat, it has since started growing quickly once again and global demand is likely to 
continue growing in response to increasing global population and GDP 2021 [3]. The main 
approach for reducing the primary production and decoupling the resource depletion from the 
economic growth is the implementation of Circular Economy Strategies [4]. 

The basic idea is to turn material scraps and End-of-Life (EoL) products/components directly 
into reusable materials or, better yet, into new products/components. Although recycling is the 
most commonly applied strategy when metals are concerned, it allows only the material out of a 
EoL components to be recovered. Actually, to further reduce the environmental impact of Industry 
sector it is necessary moving towards more virtuous Circular Economy strategies able to recover 
both material and function from EoL components. Specifically for metals, Cooper and Allwood 
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proposed  a framework for metal reuse, in which four main strategies – relocation, cascade, 
remanufacturing, and reform/reshaping – are identified [5]. Remanufacturing and Reshaping 
envisages manufacturing processes to be applied to reuse EoL components. In this respect 
manufacturing scientists have to find to processes or rethink conventional processes for 
processing/reprocessing EoL components. In this respect sheet metal based components might 
represent a significant share of EoL sector. It is worth remarking that sheet metal based 
components account for a quite large share of the global semi-finished production. In the case of 
aluminum alloys, sheets (including strips, foil production) account for about 45% of the yearly 
global demand [6]. Therefore, finding out reuse options for sheet metal based EoL components 
would enable significant environmental impact reduction. 

Overall the Reshaping/Reforming approach has been overlooked by the scientific community 
so far. Forming processes applied specifically as reuse strategy for sheet metal based components 
are covered in very few scientific papers so far. Brosius et al. [7] described in a review paper how 
a demounted automotive engine-hood can be reshaped into a rectangular sheet metal component 
by sheet hydroforming process. Takano et al. [8] applied Single Point Incremental Forming (SPIF) 
on a flattened sheet. The Reshaping they propose includes the flattening of a previously bent sheet 
and a subsequent incremental forming step. Some of the authors of the present paper have recently 
proposed a novel approach to reshape sheet metal based EoL components [9,10]. Specifically, 
SPIF was directly applied on a deep-drawn square box to change its shape. However, the SPIF 
approach presented by the authors allows to add a feature on an EoL components rather than 
providing a brand new shape. To tackle this challenge, the authors have recently proposed a new 
Reshaping idea based on Sheet Hydroforming (SHF) process. In this study the authors replicated 
a reshaping route: a deep drawing process was adopted to impart a square feature; subsequently, 
SHF was performed to remove the feature and obtain a brand new shape. Results proved that 
hydroforming can be successfully applied for reshaping proposes [11]. Nevertheless, the 
developed analyses revealed that reshaping process design is more challenging than conventional 
forming one as new design objectives and constraints need to be considered making the process 
engineering more complex. The present paper, propose a multi objective design methodology 
addressed to the new design challenges characterizing Reshaping by hydroforming processes. 
Methodology 
A deep drawn aluminum blank (AA5754 H22, initial thickness equal to 0.5 mm) was considered 
as the EoL component to be completely reshaped by means of the hydroforming process, as shown 
in Fig. 1. The hydroforming already proved to be a suitable technological solution to give a new 
shape to the mentioned EoL component [11]. Nevertheless, it was also reported that when the deep 
drawn feature is located in the BOTTOM position – i.e. in the blank portion that comes in contact 
with the shallow step of the die cavity – its removal at the end of the reshaping step was much 
more complicated. As a consequence, using the same numerical scheme of previous analyses by 
the same authors, the main process parameters of the reshaping step – i.e., the maximum oil 
pressure and the blankholder force (BHF) – were optimized. In this way, the final geometry of the 
hydroformed part was improved and the residuals of the deep drawn feature removed as much as 
possible.  

 
Fig. 1 The sequence of the simulated manufacturing steps 
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The numerical approach is briefly recalled in the following. The deep drawing step and the 
reshaping by hydroforming were simulated using the commercial code Abaqus (explicit solver) 
along with the springback analysis, modelling half of the system and using the mass scaling 
approach to speed up the numerical runs. The reliability of the numerical results was ensured by 
checking that the system’s kinetic energy resulted always negligible (less than 20%) with respect 
to the system’s internal energy. Tools were modelled as discrete three-dimensional (3D) shell rigid 
bodies, whereas the blank as a 3D shell deformable body (5 through-thickness integration points) 
and meshed using 4-node and 3-node triangular shell elements with reduced integration and 
hourglass control (S4R and S3R, respectively) with an average mesh size of 1 mm. Friction was 
modelled using the Coulomb’s formulation and setting the coefficient to 0.125 [12] . Flow stress 
curve and Forming Limit Curve (FLC) [11] were implemented in the FE model; the latter allowed 
to activate a damage criterion - i.e., FLC damage initiation criterion (FLDCRT) - according to 
which when output variable FLDCRT overcame the threshold value of 1, the model predicted the 
occurrence of rupture.  

 
Fig. 2 Additional FE runs: a) the reference ID06 working condition [11]; b) BHF and oil 

pressure profiles and c) list of the investigated reshaping conditions. 
In the present work, 16 conditions were numerically investigated starting from the reference 

one, labelled as ID06 in [11] and shown in Fig. 2a, which was characterized by the deep drawn 
feature located in the bottom position, the BHF linearly increasing from 13 to 77 kN and the oil 
pressure up to 52 bar (with a pressure rate of 1 bar/s). The investigated conditions were arranged 
according to a full factorial plan changing only the process parameters related to the reshaping by 
hydroforming. In particular, the forming time was kept unchanged and the initial and final values 
of the BHF increased over 4 levels; on the other hand, the maximum oil pressure was increased up 
to 208 bar. Fig. 2b shows the simulated linear profiles of the mentioned process parameters, 
whereas Fig. 2c reports the list of the simulated conditions. Numerical results were analyzed in 
terms of the maximum value of the FLDCRT variable over the whole blank FLDCRTmax and the 
height of the residual from the residual deep drawn feature (DelH), graphically explained in Fig. 
3. The so-collected data were then used to train accurate Response Surfaces (RS) using the Radial 
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Basis Functions (RBF) interpolant algorithms available in the modeFRONTIER integration 
platform. More in details, the data set was initially subdivided into the training set (containing 90% 
of the 16 designs) and the validation set (based on the remaining 10%). RS were trained on the 
training set and their accuracy checked on the validation set; subsequently, they were used as the 
base for the virtual optimization aimed at simultaneously minimizing FLDCRTmax and the DelH 
variables. The virtual optimization, managed by a multi-objective genetic algorithm (MOGA-II) 
evolved throughout 1000 successive generations. 

 

 

Fig. 3 Definition of the DelH output variable Fig. 4 Workflow of the optimization 
procedure 

The workflow describing the virtual optimization procedure based on the trained RS is 
schematically shown in Fig. 4. At the end of the optimization round, optimal designs could be 
evaluated, represented by the average values of BHF and pmax which allowed to balance a 
significant reduction of the deep drawn feature without leading to a premature fracture of the 
component (i.e., a FLDCRT value lower than 1). 
Results 
Response Surfaces (RS) were created on the so-called “training set” containing approximately 
90% of the DoE data set.. Among the five Radial Basis Functions available for the training of the 
RS, the Duchon’s Polyharmonic Splines algorithm was chosen as the most precise on the DelH 
output variable, as shown by the errors and the R-squared values calculated on the “validation set” 
(containing the remaining 10% of the data set) and listed in Tab. 1. 
 
Table 1 Evaluation of the RBF algorithms’ fitting capabilities (DelH output variable): Duchon’s 

Polyharmonic Spline (PS), Wendland’s Compactly Supported (CS), Hardy’s MultiQuadrics 
(MQ), Inverse MultiQuadrics (IMQ), Gaussians (G). 

RBF Algorithm Mean Absolute 
Error 

Mean Relative 
Error 

Mean Normalized 
Error R-squared 

PS 2.32E-2 1.90E-2 3.62E-2 0.993 
CS 4.81E-2 3.18E-2 7.52E-2 0.973 
MQ 5.41E-2 3.64E-2 8.46E-1 0.967 
IMQ 8.92E-2 5.88E-2 1.39E-1 0.905 

G 1.49E-1 1.01E-1 2.33E-1 0.756 

As for the second output variable (FLDCRTmax), the Wendland’s Compactly Supported resulted 
to be the most accurate RBF algorithm (as proved by the data listed in Tab. 2). 
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Table 2 Evaluation of the RBF algorithms’ fitting capabilities (FLDCRTmax output variable): 
Duchon’s Polyharmonic Spline (PS), Wendland’s Compactly Supported (CS), Hardy’s 

MultiQuadrics (MQ), Inverse MultiQuadrics (IMQ), Gaussians (G). 

RBF Algorithm Mean Absolute 
Error 

Mean Relative 
Error 

Mean Normalized 
Error R-squared 

CS 1.51E-2 2.02E-2 4.54E-2 0.991 
MQ 1.89E-2 2.18E-2 5.69E-2 0.977 
IMQ 3.75E-2 4.52E-2 1.13E-1 0.922 
PS 3.95E-2 6.75E-2 1.19E-1 0.909 
G 7.31E-2 9.10E-2 2.20E-1 0.734 

As Fig. 5a suggests, increasing the load applied by the blankholder and the maximum oil 
pressure leads to a more effective annihilation of the feature from the previous manufacturing step. 
Nevertheless, higher values of the input parameters may result detrimental for the outcome of the 
process since those operative conditions may lead to the blank rupture (FLDCRT higher than one) 
as confirmed by the RS in Fig. 5b. 

  

a) b) 
Fig. 5 Trained response surfaces (RS) on the output variables: a) DelH and b) FLDCRTmax 
The indications coming from the trained RS were absolutely in line with the general guidelines 

formulated by the authors in a previous work [11]: any evidence from the previous manufacturing 
step – if located in a blank region that is not going to be excessively deformed during the reshaping 
step – can be eliminated if the blank is more severely stretched during the second manufacturing 
step, which means to increase the load exerted by the blankholder or, alternatively, the maximum 
oil pressure. Nevertheless, such conditions may not be favorable for the overall soundness of the 
final component: in fact, an increase in the restraining forces may more easily lead to the 
occurrence of rupture over the blank region in contact with the deeper step of the die cavity. The 
RS were subsequently used as the base of a virtual optimization, managed by a multi-objective 
genetic algorithm (MOGA-II) [13]. On each of the defined output variable, a single objective 
function was defined with the final aim of minimizing simultaneously the FLDCRTmax and the 
DelH. In such a way, the optimization procedure would have led to the definition of the working 
window in which the residuals from the previous manufacturing step could be minimized without 
the occurrence of rupture in the reshaped blank. 
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 a)  b) 

Fig. 6 Pareto designs showing the optimal conditions in terms of a) BHFavg  and b) pmax  
The Pareto front is shown in Fig. 6 (a and b) collecting all the design considered optimal, i.e. 

capable of satisfying the two mentioned objective functions. The distribution of the Pareto designs 
is limited to conditions leading to maximum values of the FLDCRT variable lower than 1 (i.e., all 
those conditions leading to a final sound component). The result of the optimization suggests that 
if the final goal is to reduce as possible the appearance of the feature from the previous step without 
the occurrence of rupture, an average value of BHFavg between 75 and 80 kN and a maximum 
pressure around 150 bar has to be set. The height of the feature is reduced down to 1 mm and the 
formed component is globally sound. To evaluate the accurateness of the optimization prediction, 
one of the Pareto designs (BHFavg equal to 75 kN and maximum oil pressure equal to 160 bar) was 
simulated. The comparison between the numerical results (in terms of maximum FLDCRT and 
DelH) and the predicted values, shown in Fig. 7, clearly confirms the accuracy of the predicted 
optimized values (and, in turns, of the trained RS). 

 
Fig. 7 Accuracy of the optimization prediction 

Moreover, the optimized process parameters further confirmed their effectiveness when the 
appearance of the deep drawn feature at the end of the reshaping step was compared to the one 
from the ID06 (see Fig. 8, a and b): the increased oil pressure combined with higher restraining 
force led to the reduction of the DelH (from 1.8 mm to 1.1 mm) without affecting the soundness 
of the reshaped component (maximum FLDCRT lower than 1). 
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a) b) 
Fig. 8 Appearance of the deep drawn feature at the end of the reshaping step: a) refernce ID06 

condition and b) optimal Pareto condition 
Conclusions 
In the present paper, a follow-up of the reshaping methodology has been presented. In particular, 
starting from a condition characterized by the deep drawn feature located in the bottom positions, 
the hydroforming process parameters were varied to investigate the possibility of optimizing the 
blankholder force and the maximum oil pressure to completely remove the residuals from the deep 
drawn feature. Results from the optimization round, computationally attractive since based on the 
virtual generation of designs based on accurate Response Surfaces, confirmed the guidelines the 
authors already formulated in the previous analyses. More in details, the removal of the existing 
feature is much more effective if the blankholder force and the maximum oil pressure is increased, 
mainly related to the more severe blank stretching. At the same time, the increase of the restraining 
force becomes detrimental since inducing a more severe strain conditions in the rest of the blank 
(where the stretching is more pronounced since being in contact with the deep step of the die 
cavity). It was then concluded that the overall quality of the reshaped component can be 
undoubtfully improved and the residual marks from the deep drawn feature can be reduced but not 
eliminated until the feature is located in the bottom position. In fact, if an increase of the 
blankholder force may reduce more evidently the deep drawn feature but the integrity of the 
reshaped component cannot be ensured. Overall it is worth remarking that reshaping processes rise 
new challenges at the design stages. Along with conventional design objectives (homogenous 
thinning distribution with absence of fracture, absence of wrinkling and springback distortions 
minimization), the quality in terms of existing feature removal need to be added as output indicator. 
Also, the feature might be placed just in a narrow zone of the components to be reshaped. For 
actual industrial parts, restraining forces differentiation coupled with optimization techniques 
might be mandatory for a correct implementation of Reshaping processes. Along with the 
technological challenges to be addressed, the cost effectiveness of such an approach might 
represent a further issue to be faced. As a matter of fact, it might happen that the costs of the needed 
operations prior to reshaping (safe disassembly, inspection and decocting) might be too high with 
respect the value of the recovered sheet metal based EoL component. In this respect, a thorough 
comparative cost analysis with respect conventional recycling route would provide more clarity 
about the industrial applicability of the reshaping approach. 
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Abstract. Warm forming is widely used to enhance formability of aluminum alloy sheets in order 
to manufacture components with complex shapes. However, forming of aluminum alloy sheets by 
various sheet metal forming processes such as deep drawing and stretch forming involves sliding, 
drawing or stretching of sheet materials over the tool surfaces. Warm forming results in change of 
frictional characteristics at the tool-blank interface during forming. Higher friction leads to poor 
formability, non-uniform strain distribution, higher forming load, and poor surface finish of the 
component. So it is important to investigate the effect of process variables on friction at the 
interface in warm forming of aluminum alloy sheets. In this work, the tribological behavior of an 
Al-Mg-Mn alloy (AA5182) has been studied by performing strip drawing experiments in the warm 
forming temperature range (100-250 °C) in lubricated condition. Experiments were conducted to 
investigate the effect of temperature, normal force, and drawing speed on the coefficient of friction. 
A significant impact on the friction coefficient is observed by the change in boundary conditions 
as a result of variation in process variables with temperature being the most influential. The results 
have been compared with frictional characteristics in strip drawing at ambient temperature. 
Introduction 
Aluminum alloys have proven to be the ideal choice for weight reduction in the automotive and 
aerospace industries due to their higher strength-to-weight ratio than steels, good mechanical 
properties, and excellent corrosion resistance [1]. Complex sheet metal parts are required for 
automotive applications [2], and these are manufactured by processes such as deep drawing, stretch 
forming and bending [3]. Deep drawing is one of the most important sheet metal forming 
processes, and it involves radial drawing of a blank into the die cavity with a punch, as shown in 
Fig. 1 (a). Deep drawing is primarily used to create parts with a large depth, such as fuel tanks, oil 
sumps, gas cylinders, automotive panels etc. As the blank material in the flange region slides over 
the dies during deep drawing, friction between the blank and the tools affects drawability, 
uniformity of strain distribution, and drawing load [4]. However, the aluminum alloys have low 
formability at ambient temperature compared to the elevated temperature [5]. Jang et al. [6] studied 
the tensile deformation behavior of AA5182 aluminum alloy in the warm working temperature 
range of 150 – 350 °C. Warm forming of AA5182 aluminum alloy at temperatures below the 
recrystallization temperature combines advantages of both cold working and hot forming to a 
certain extent. D. Raja satish et al. [7] observed a similar behavior for AA5182 in the temperature 
range of 200 – 300 °C. The drawability of AA5182 has also been observed to increase in warm 
deep drawing. However, the frictional characteristics in deep drawing are very critical in warm 
forming because temperature, sliding speed, lubrication and binder force affect the interface 
friction in the flange region.   

The friction and galling in forming processes are known to be affected by various parameters 
in the sliding contact region including contact pressure, sliding velocity, temperature, tool 
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geometry, the sliding surface of the contact pair [8], and lubricant [9]. The adhesion of aluminum 
alloys to tool surfaces is enhanced during warm forming. This causes increased friction, degrades 
the surface quality of the formed part, and damages the tool [10]. As a result, lubrication and 
application of coatings has been a standard practice to reduce metal adhesion, tool wear, and 
friction [11]. Januszkiewicz et al. [12] studied the friction and wear behavior of AA5182 aluminum 
alloy ring rubbing against SAE (AISI) 52100 type bearing steel ball at various temperatures (up to 
300 °C) and different applied forces (4 N and 24 N) in ball on ring frictional tester. The author 
noticed a transfer layer growing on the tool surface and severe scratches on AA5182 at a critical 
temperature of 230 °C. The findings demonstrated that temperature significantly impacts adhesion 
and wear. 

Some test methods for assessing friction characteristics that have been developed over the years 
include pin-on-disk [13], ball-on-disk [14], block-on–disk [15], ball–on–plate [16], and strip 
drawing [17]. The parameters used in friction testing must be similar to the actual process 
parameters for reliable estimation of friction coefficient. The contact condition in strip drawing is 
similar to that encountered in the flange region during deep drawing. Assumption of a constant 
friction coefficient cannot accurately reflect the friction and galling behavior at the interface and 
predict the forming behavior in the warm forming process. Therefore, in the present work, strip 
drawing tests were carried out to investigate effect of important process variables on friction 
coefficient value under lubricated condition in the warm deep drawing temperature range of 
AA5182 aluminum alloy sheets. Tribological tests were carried out by varying temperature, 
normal pressure, and drawing speed. The friction coefficient is determined for different contact 
conditions and the results are compared with those at ambient temperature (25 °C). 
Methodology 
Material and specimens. Specimens of 1.2 mm thick AA5182 (Al–Mg–Mn) alloy sheets were used 
in the present work. This grade of aluminum is widely used in the automobile industry for sheet 
metal stamping due to its work hardening ability [2]. Samples of 500 mm x 65 mm were sheared 
from the metal strips for carrying out strip draw tests. The initial average surface roughness of the 
specimens was 0.95 ± 0.05 μm.  
 

          
Fig. 1. Schematic of (a) deep drawing process (b) strip drawing test 

Strip drawing tests. Fig. 1(b) depicts the schematic of the strip drawing test used in the present 
work. One end of the strip was clamped with wedge grips and a predefined normal force was 
applied on the strip placed between the dies. The strip was pulled using the wedge grips over a 
distance at a specified speed, and the draw force was measured. The friction coefficient was 
calculated using half of the draw force due to the frictional force acting on both sides of the strip. 
Flat dies of cross-section area 100 mm x 55 mm made up of high carbon, high chromium tool steel 
were used in the tests. The die surfaces had an average surface roughness (Ra) of 0.30 ± 0.05 μm 
after being ground and polished. The dies and the samples were cleaned with acetone before 
performing the experiments to remove any dirt that might affect the friction coefficient 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 423-430  https://doi.org/10.21741/9781644902417-52 

 

 
425 

measurement. Oil-based lubricants KTL N16 and SHF 430 were used for testing at ambient and 
elevated temperatures respectively.  

The amount of lubricant used was equivalent to 2.0 g/m2, which is the amount typically used 
in sheet metal stamping operations. The dies were preheated by cartridge heaters. Insulating 
isolation plates and cooling plates were installed to keep the surrounding electrical and mechanical 
components from overheating. When the desired temperature of the dies was reached, the strip 
was heated to a sufficiently high temperature taking into account the loss of temperature while 
placing it between the dies. The strip was pulled over a distance of 200 mm. From the force-
displacement data obtained over the sliding distance range of 50 mm to 150 mm, the average 
friction coefficient was determined. The experiments were repeated three times for each 
combination to ensure the reproducibility of the results.  

Process parameters. The strip drawing experiments were conducted to determine friction 
coefficient at different temperatures, speeds and forces. Although the recrystallization temperature 
of aluminum alloy is generally in the range of 300 °C to 400 °C, the material's strength decreases 
rapidly beyond 300 °C. Thus, to balance both strength and ductility, the recommended warm 
forming temperature of aluminum alloys is in the range of 100 °C to 250 °C. Thus, the strip draw 
tests in this work were carried out in this range. The blank holding pressure applied in the flange 
area during warm deep drawing of AA5182 aluminum alloys usually varies from 1.5 MPa to 
2.5 MPa. Therefore, the normal force in strip drawing experiments is determined based on this 
pressure range and the die contact area (5500 mm2). Thus, the strips were drawn with a normal 
force in the range of 7.5 kN to 12.5 kN. The strips were drawn by varying the speed in the range 
of 2.5 mm/s to 10 mm/s to capture the effect of speed also on the tribological behavior.  
Results and Discussion 
Effect of temperature. The variation of friction coefficient with temperature in strip drawing 
experiments under lubricated condition is shown in Fig. 2(a) at two normal forces with a constant 
drawing speed of 10 mm/s. At ambient temperature, the friction coefficient is found to be 0.12 and 
0.15 at 7.5 kN and 10 kN normal forces, respectively. The tests at elevated temperatures indicated 
the friction coefficient in the temperature 100-125 °C is lower than at ambient temperature. This 
could be due to material softening and lower shear stress required to draw the strip. At 10 kN 
normal force, with further increase in temperature, friction coefficient is found to increase before 
becoming nearly constant. The susceptibility of adhesion increases with increase in temperature 
leading to a gradual change in the interface condition and rise in friction coefficient. The friction 
coefficient sharply increased to 0.22 when the temperature is raised to 150 °C and it further 
increased to 0.23 at 250 °C. The variation of the friction coefficient at 7.5 kN exhibits a similar 
behavior, with a minor shift in the overall shape of the curve. The friction coefficient is minimum 
(0.078) at 125 °C at a normal force of 7.5 kN.  

The variation of friction coefficient with the sliding distance for different temperatures is 
depicted in Fig. 2(b). These experiments were carried out at a normal force of 7.5 kN and a drawing 
speed of 10 mm/s. The friction coefficient is nearly constant along the sliding distance at ambient 
temperature but slightly increased at higher temperatures. An increase in temperature causes the 
lubricant's viscosity to decrease at the contact interface, which reduces the lubricant film thickness 
and its lifespan along the sliding distance. A sharp increase in friction coefficient has been 
observed towards end of the sliding at 250 °C possibly, due to inadequate lubricant at the interface 
at later stages of strip drawing leading to dry sliding condition and galling. Similar behavior has 
been observed by Januszkiewicz et al. [12] on AA5182 aluminum alloys at temperatures over the 
critical temperature, where there is a significant metal transfer to the tool and severe scratches on 
the workpiece has been observed. 
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Fig. 2. (a) Variation of average friction coefficient with temperature at two different normal 

forces at 10mm/s and (b) Variation of friction coefficient with the sliding distance during strip 
drawing experiments at different temperatures 

Effect of normal force. The variation of average friction coefficient value with normal force at 
elevated temperatures is shown in Fig. 3. Initially when the force is increased from 7.5 kN to 
10 kN. The friction coefficient is raised by localized sticking due to high contact stresses produced 
under higher normal force. A similar trend is observed at the ambient temperature also. But at 
elevated temperatures, the friction coefficient is observed to decrease with further increase in the 
force to 12.5 kN. At high temperatures, the affinity of adhesion increases as the normal force 
increases. Asperities will undergo excessive plastic deformation, so higher shear forces are 
required due to stronger workpiece-tool interface bonding. But the decrease in friction coefficient 
could be attributed to subsurface shear deformation which requires a lower shear force [18]. 
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Fig. 3. Effect of normal force on friction coefficient in strip drawing in warm forming 

temperature range of Aluminum 
Effect of speed. The effect of drawing speed on the friction coefficient at different temperatures 

is shown in Fig. 4. As drawing of the strip begins, the lubricant is drawn to the surface from the 
valleys, which act as a lubricant reservoir. As less amount of lubrication being distributed in the 
contact area at low speeds, higher friction coefficient has been observed due to stick/slip 
phenomenon of the contacting asperities. The flow rate of the lubricant from valleys to the surface 
increases with speed, thus reducing the friction coefficient. However, the decrease in friction 
coefficient with increasing speed at higher temperatures is lower than at ambient temperature. The 
lubrication mechanism's effectiveness at the contact interface plays an important role. Increasing 
tendency of oxidation and sticking friction that cause adhesion with increase in temperature might 
offset the decrease in friction coefficient with increase in drawing speed.  

 
Fig. 4. Effect of drawing speed on friction coefficient in strip drawing at three different 

temperatures 
The variation of drawing speed on friction coefficient with sliding distance at 150 °C and 

250 °C, is shown in Fig. 5 (a) and (b) respectively. The peak static friction coefficient at 150 °C is 
0.17 ± 0.01 while it is 0.2 ± 0.01 at 250 °C. This increase in static friction coefficient is due to 
higher adhesion with increase in temperature. The force required to draw the strip should overcome 
the static frictional force. The pulling force required to draw the strip decreases once the sliding 
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begins. The kinetic frictional force is found to depend on the sliding speed. Fig. 5 shows that the 
kinetic friction coefficient dropped to 0.15 at 10 mm/s. As the sliding continues, increase in 
adhesion affinity leads to increase in kinetic frictional forces. This leads to a rise in the friction 
coefficient again with sliding distance, as shown in Fig. 5.  

 

 
 

 
Fig. 5. Variation of friction coefficient with sliding distance for different speeds in strip drawing 

experiments at (a) 150 oC and (b) 250 oC 
Conclusions 
The effect of process variables on friction coefficient at the tool-strip interface in the warm forming 
temperature range of AA5182 aluminum alloy has been examined in the conditions similar to that 
exist in the flange region in warm deep drawing. The following are the main findings from the 
results and discussion presented in the previous section:  

The friction coefficient is significantly influenced by the temperature. It decreased initially 
when compared to the ambient temperature. As the temperature rises further, adhesion becomes 
more susceptible increasing the friction coefficient. The peak static friction coefficient is also 
observed to increase with the increase in temperature. The friction coefficient is found to increase 
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when the normal force is increased due to increased area of contact and localized sticking. But at 
elevated temperatures friction coefficient decreased with further increase in normal force due to 
subsurface shear deformation. The friction coefficient decreases as the drawing speed increases 
but the extent of decrease in warm forming temperature range is lower when compared to that at 
ambient temperature. 

The outcome of this work can be used to improve the accuracy of predictions from numerical 
simulations of warm deep drawing of this alloy by incorporating the effect of process variables on 
friction instead of considering a constant friction coefficient value for a given blank temperature. 
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Abstract. The hot stamping process has been established as a technology for the production of 
ultrahigh-strength steel parts for safety-relevant components in lightweight construction for the 
automotive sector. Thanks to the reduced overall thickness combined with high tensile strength, it 
is possible to realize lightweight design concepts with improved crash behavior. Boron-manganese 
steels are usually used for this purpose. Due to initial process temperatures above 800 °C, hot 
stamping is considered a lubricant-free process. In addition to high friction and wear in the process, 
surface scaling and the need for tool repairs are the result. In light of these phenomena, hot 
stamping materials are coated to protect them from corrosion. Until now, aluminum-silicon-based 
coatings have been primarily used for the direct hot stamping route. While zinc-based coatings 
have so far mainly found usage in the indirect process route, they are now also become a valid 
alternative for the direct process route. In previous investigations, a significant influence of 
workpiece-side parameters on the formation of the coating during the austenitization process was 
found for aluminum-silicon (AlSi) coatings. In light of this, a similarly significant influence is 
suspected for zinc-based coatings. The parameters heating rate, furnace temperature and dwell 
time in the furnace and the effect on the coating formation of zinc-coated 20MnB8 during 
austenitization will be investigated. The resulting findings will form the basis for further 
experiments to investigate the influence of the parameters on friction and wear in the industry near 
strip drawing tests. 
Introduction 
Ever since the oil crisis in 1970 and the resulting shortage of raw materials, the demand for lighter 
and more energy-efficient automotive vehicles has increased, which has resulted in the increased 
use of ultra-high-strength steels [1]. In this regard, cold forming faces challenges due to 
springback, tool wear, and high forces in the process during the production of geometrically 
complicated components [1]. Forming at high temperatures allows an improvement of the 
formability with simultaneously reduced forces in the process as well as a higher dimensional 
stability [2]. For this purpose, the hot stamping process has been developed, which is based on a 
process combination of hot forming of fully austenitized blanks and hardening of the semi-finished 
product in the die within one process step [3]. Due to the martensitic microstructural 
transformation in the quenching process, the manufactured components achieve tensile strengths 
of up to 1500 MPa, which allows for improved crash properties with simultaneously reduced 
component weight [4]. Nowadays, hot-stamped components are used in impact beams, bumpers 
and side members [5]. Due to process temperatures above 850 °C necessary to achieve full 
austenitization in the steel material, lubricants are not stable during hot stamping. High friction 
and wear are the result which are significantly influenced by the process parameters [6]. Two 
process routes are available for hot stamping, the direct and indirect variants [7]. For both variants, 
the established boron-manganese steel 22MnB5 is widely in use [8]. In its initial state, this steel 
has a ferritic-pearlitic microstructure with a tensile strength of 500 to 700 MPa and an elongation 
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at break of over 10% [9]. When heated above the material-specific Ac3 temperature of 850 °C, a 
complete transformation of the initial microstructure to austenite takes place [10]. The resulting 
reduction in strength and increase in elongation at break require low forces in the forming process 
and provide good conditions for the production of components with complicated geometries. 
Quenching above the critical cooling rate of 27 K/s results in martensite transformation, allowing 
improved mechanical properties to be obtained [4]. The boron-manganese steel can be used 
without an additional coating in the process, but a scale layer is formed during the austenitizing 
process due to the reaction with oxygen in the furnace atmosphere. The brittle and rough oxide 
layer impairs downstream process steps and results in a reduced heat transfer rate between the 
contact partners and thus reduced cooling rates [11]. Furthermore, the die surface is damaged by 
abrasive oxide particles, which is why the scale layer has to be removed by sand or shot 
blasting [12]. For this reason, semi-finished coatings are used for hot stamping to prevent the 
formation of an oxide layer. For direct hot stamping, aluminum-silicon (AlSi) based coatings are 
commonly used [10]. An unwanted material transfer of AlSi particles in the process leads to a 
deterioration of the tool surface, which results in a deviation from the dimensional accuracy of the 
component on the one hand, and different local heat transfer coefficients on the other hand, 
resulting in a reduction of the component quality [13]. Furthermore, the AlSi coating only provides 
a barrier effect and no cathodic protection [14], which limits its use in areas where electrolytic 
corrosion is of importance [1].  

Zinc-based coatings have been mainly used for indirect hot stamping [3], where they exhibit a 
combination of high strengths in the base material while also providing a cathodic protection 
effect [5]. Due to the high risk of evaporation, run-off and oxidation of zinc coatings, due to the 
low melting temperature of 420 °C and evaporation temperature of 907 °C [3], the material was 
considered unsuitable for direct hot stamping [15]. This led to liquid metal-induced stress 
corrosion, where zinc diffuses into the material structure at high temperatures leading to material 
separation [2]. Due to recent developments the use of zinc-coated boron-manganese steel has also 
been made viable for direct hot stamping. By adding oxygen affine elements such as aluminum, a 
protective oxide skin (Al2O3) is formed on the component surface, which prevents oxidation of 
the zinc coating and inhibits the formation of a liquid phase by progressive formation of a higher-
melting Zn-Fe layer [15]. In previous studies, the influence of process parameters during 
austenitizing on the layer formation of AlSi coatings was investigated. A significant influence of 
the furnace dwell time was found [16]. In light of these findings, the influence and 
interdependencies of process parameters on the coating formation are also investigated for the 
austenitization of zinc-coated boron manganese steels for direct hot stamping in order to determine 
significant parameters. The results of this work provide a data basis for further experiments to 
investigate the friction and wear behavior in the direct hot stamping process.  
Methodology and experimental setup 
Material and test procedure. Specimens with dimensions of 70 mm x 50 mm were used for the 
experiments. A 20MnB8 boron-manganese steel with a thickness of 1.5 mm coated with the ZF180 
zinc coating was used as the test material. The coating was specially developed for the usage in 
direct hot stamping and prevents the formation of a liquid phase due to an intermediate precooling 
step [17]. This increases the time window required for cooling when using 22MnB5, consequently 
the required critical cooling rate of 27 K/s to reach martensite transformation cannot be achieved. 
The redistribution of alloying elements for the 20MnB8 base material shifts the ferrite, pearlite, 
and bainite regions, reducing the required cooling rate to 20 K/s [12] and ensuring a stable cooling 
corridor for martensite formation over a longer period [17]. The Gleeble 3500 GTC 
thermomechanical simulator from Dynamic Systems Inc. was used to study the influence of the 
heating rate. Here, the ends of the specimen are clamped in jaws through which an electric current 
flow is introduced. The resulting resistance causes local heating of the specimen [18]. The 
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temperature is monitored during the test run in the center of the specimen by welded-on type K 
thermocouples. Based on the findings during the investigation of the heating rate, further 
experiments on the furnace dwell time and temperature parameters were carried out in an ME87/13 
annealing and hardening furnace from RHODE. The furnace can reach a maximum temperature 
of up to 1300 °C. A homogeneous furnace atmosphere and temperature distribution is ensured by 
three-sided chamber heating on the sides and bottom. A two-layer insulation structure reduces the 
power loss at the walls outside the furnace. The dimensions of the usable area in the furnace are 
350 mm x 250 mm x 1000 mm [19]. 

Parameters and methodology. The parameters selected for the present study are based on the 
findings of past investigations done on AlSi coated 22MnB5. The heating rate, furnace temperature 
and dwell time for austenitization in the furnace were considered as critical influencing 
parameters [15]. The parameters were varied in three steps and repeated three times (n=3) to ensure 
reproducibility. The experiments were arranged based on the design of experiments and 
randomized for execution to prevent systematic errors. The exact parameters and variation levels 
can be found below in Table 1. 

Table 1: Parameters and levels for the heating tests 

Furnace temperature [°C] 880; 910 

Furnace duration [s] 50; 125; 200 

Heating rate [K/s] 5; 25; 50 

After the test was carried out, the surface roughness Rz was recorded on the perthometer by 
means of tactile roughness measurement in accordance with DIN EN ISO 3274 and then cold-
embedded, ground and polished for metallographic examination. The micrographs were analyzed 
for layer formation and layer height using a confocal light microscope, the Keyence VK-X200. In 
order to analyze the detected phase fractions, the elemental composition was also recorded using 
energy dispersive X-ray spectroscopy (EDS). 
Results and discussion 
Heat rate. The heating rate was investigated on a Gleeble 3500 GTC thermomechanical simulator. 
The heating rates were set at 5, 25 and 50 K/s. After reaching the target temperature of 910 °C, the 
specimen was held for 60 seconds and then cooled in air. The micrographs, shown in Fig. 1, show 
similar layer formation for all three heating rates. The base material of 20MnB8 can be found in 
the lower part of the image. The coating appears above the base material and separates into lighter 
and darker gray phases 1 and 2, followed by the embedding material. 

 
Fig. 1: Layer formation of the ZF180 coating at different heating rates 
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Based on the micrographs, no significant change in the coating formation due to the different 
heating rates can be detected. At heating rates >5 K/s, the test showed an increased susceptibility 
to reaction with impurities on the surfaces and a tendency for the coating to detach during the 
heating process, as shown in Fig. 2. The coating detachment can be attributed to an emergence of 
liquid zinc phases. 

 
Fig. 2: Exemplary coating delamination due to liquid zinc phases at heating rates >5 K/s 

The liquid zinc phases at heating rates >5 K/s occur due to the reduced time required to reach 
the target temperature. Melting of the zinc coating is inhibited by continuous diffusion of iron from 
the base material into the coating during the heating process, since the melting temperature of the 
Ze-Fe composition in the coating at 5 K/s is higher than the current furnace temperature. Since 
diffusion is a time-dependent parameter in addition to temperature, the phenomenon that not 
enough iron diffuses into the coating can occur at higher heating rates and the zinc phase exceeds 
its melting point. Due to the poor coating properties at higher heating rates and the non-significant 
influence on the coating formation, the influence of the heating rate will not be investigated further. 
Since the heating rate of the Gleeble shows a linear increase but conventional heating in roller 
furnaces, as used in the hot stamping industry, show a nonlinear temperature profile, further tests 
were carried out on an annealing and curing furnace. The heating rate at the furnace is 5 K/s and 
corresponds with the industrial standard. 

Furnace temperature and dwell time. To investigate the influence of the furnace temperature, 
samples were heated to 880 °C and 910 °C. Furthermore, the duration in the furnace was varied 
between three dwell times (50 s, 125 s and 200 s) after reaching the furnace temperature. The 
specimens were placed on brackets in the furnace for the experimental procedure. This avoids 
direct contact with the furnace surface and altered heat conduction conditions, and ensures 
homogeneous heating by convection and thermal radiation through the furnace atmosphere. After 
the heat treatment, the samples were manually removed from the furnace and cooled down to 
ambient temperature in air. The surface roughness of the specimens was recorded after the heat 
treatment using perthometer measurements. The measurement of the surface roughness Rz can be 
found in Fig. 3. Additional tests with the same settings were carried out for the material 22MnB5 
with the AlSi coating AS150 for comparison. 

Compared to conventional 22MnB5 with AlSi coating, significantly higher roughness values 
are present for 20MnB8 with ZF180 coating. While no significant difference in roughness values 
can be seen for the parameter combinations with the AS150 coating, a significant difference in 
roughness Rz can be observed when the furnace temperature increases from 880 to 910 °C when 
using the ZF180 coating. The reason for this can be traced to the added alloyed elements aluminum 
and silicon which support the reaction with ambient oxygen in the furnace atmosphere. In the 
austenitizing process, these form a protective oxide skin (Al2O3) that prevents oxidation and 
melting of the zinc coating [15]. 
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Fig. 3: Influence of the furnace duration and dwell time on surface roughness Rz 

To further investigate the influence of the furnace parameters, micrographs of the samples were 
taken. With the help of EDS measurements, the occurring phase fractions were identified, these 
are shown for a dwell time of 50 s at a furnace temperature of 880 and 910 °C in Fig. 4. As already 
shown in Fig. 1, the same composition is visible with a ferritic base material followed by the 
coating and the embedding material. The coating splits into two phases, this occurs due to iron 
diffusion from the base material into the coating. This causes the formation of a zinc-rich gamma 
phase (Phase 1) with small amounts of iron, which occurs due to diffusion during galvanization of 
the material [5]. Phase 2 consists of an iron-rich zinc ferrite phase with a reduced zinc content 
compared to Phase 1 [12]. No traces of zinc elements can be found in the base material. 

 
Fig. 4: EDS measurement of a ground section sample at a furnace temperature of 880 and 

910 °C and dwell time of 50 seconds 
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With the further analysis of micrographs, it becomes clear that both an increase in the furnace 
temperature and the dwell time have a visible influence on the layer formation. An increase in 
furnace temperature from 880 to 910 °C results in a slight increase in the area fraction of Phase 2 
and reduction of Phase 1. The same effect is more pronounced and better visible at a higher dwell 
time in the furnace for the sample. The composition of the phases however does not change 
significantly. The micrograph of samples held in the furnace at 880 and 910 °C for 300 seconds is 
shown in Fig. 5. The increase in Phase 2 at 880 °C is pronounced enough to almost completely 
displace Phase 1 due to the prolonged dwell time. 

 
Fig. 5: EDX measurement of a ground sample at a furnace temperature of 880 and 910 °C and 

dwell time of 300 seconds 
The lack of zinc elements in the base material suggests that no diffusion of zinc from the coating 

into the base material takes place within the parameter steps. Accordingly, the diffusion process 
occurs only one-way from the base material towards the coating. The process finds a saturation 
point at 910 °C and 300 seconds, where Phase 1 has completely turned into Phase 2 due to the 
ongoing diffusion process. The micrographs of samples with these parameter settings show no 
further zinc-rich gamma phase (Phase 1). These findings are in agreement with the results of 
Kondratiuk et al. [14] and Knezar et al. [15], who also conducted studies in the same subject area. 
A change in the height of the coating (Phase 1 and 2) could not be detected for any parameter 
combination due to the lack of zinc diffusion into the base material. 
Summary and outlook 
In this work, the layer formation of zinc-coated boron-manganese steel was analyzed under hot 
stamping conditions. The heating treatment parameters heating rate, furnace temperature and dwell 
time were varied and investigated with regard to their influence on the surface roughness Rz and 
layer formation in cross-sections. While a heating rate above 5 K/s does not cause any significant 
change in the coating components, it can still lead to flaking of the coating due to the formation of 
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a liquid zinc phase and thus cancel the corrosion protection. The furnace temperature has shown a 
significant effect on the surface roughness, while both furnace temperature and dwell time resulted 
in an increase of the iron-rich zinc phase and decrease of the zinc-rich gamma phase up to 
disappearance in the coating formation. The present work forms a basis for further investigations 
on the influence of heat treatment parameters on friction and wear in hot strip drawing tests for a 
realistic representation of the industrial hot stamping process. Furthermore, interactions with other 
relevant parameters with regard to friction and wear behavior should also be analyzed. 
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Abstract. In this paper, the forming behaviour of sheet-like metal/polymer/metal (MPM) and 
thermoplastic fibre metal laminates (TFMLs) is introduced. TFMLs are based on thin metallic 
cover sheets and fibre-reinforced thermoplastic matrix (here polyamide 6). With this material 
combination, the specific mechanical, structural, thermal and acoustic properties can be improved 
and designed compared to the monomaterials and laminates without fibre reinforcements. 
However, the restricted formability of TFMLs at room temperature is a strong limitation. 
Therefore, the approach of this study is concerned with the fundamental description of the 
influence of warm forming on the degree of the forming improvement of pre-bonded TFMLs 
sheets experimentally via the investigation of the deep drawability and determining the forming 
limit curves compared to the formability of steel and MPM sheets. Two elevated test temperatures 
(200 and 235 °C) besides the room temperature are considered. The results of this approach 
revealed that warm forming could lead to over 300 % improvement of the forming limit curve 
(FLC) level of TFML; however, an ignorable difference between 200 and 235 °C is found. For 
steel and MPM sheets, increasing the temperature showed a slight improvement. Regarding deep 
drawing, similar results like for FLC were found, where the drawing depth of TFML could be 
increased from approx. 15 mm up to at least 40 mm before cracking. However, other failure types 
arose like wrinkling and core squeezing-out. Therefore, a one-step deep drawing approach for 
TFMLs is foreseen, where the adhesion and forming processes take place simultaneously. 
Introduction 
Thermoplastic fibre-metal-laminates (TFMLs) are composed of metallic cover sheets (or even 
interlayers) and layer(s) of fibre reinforced thermoplastic polymers [1]. With such a set-up several 
advantages can be gained, e.g. improved mechanical properties at lower density [2]. This materials 
group is developed to overcome the formability drawbacks of the thermoset-based FML such as 
glass-reinforced aluminium laminate (GLARE) or aramid-reinforced aluminium laminates 
(ARALL) [3]. Moreover, the potential TFMLs application is increasing due to their recyclability 
in relation to the thermoset-based FMLs. TFMLs were considered in some projects, e.g. the 
LEIKA project, where several steel/fibre reinforced polyamide (PA) components can be applied 
as crash absorbers or as battery carriers in e-vehicles [4]. Besides, lab-scale TFMLs like carbon 
fibre-reinforced polyamide/aluminium laminate (CAPAAL) and carbon-fibre-reinforced 
polyetheretherketone/titanium foil laminate (CAPET) showed improved behaviour under bending 
conditions [5]. Based on this, TFMLs proved their suitability for automated series production in 
semi-finished products or even directly to finished components starting from single layers. For 
lightweight applications, metal/polymer/metal (MPM) sandwich laminates, with nonreinforced 
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polymer core, were also developed such as Litecor [6] and Hylite [7].The deep-drawability of 
MPM materials is reduced directly with increasing the core layer thickness due to the tensile 
stresses exerted by the soft polymer core on the outer metal cover near the edge of the punch and 
the corresponding increased void volume fraction within the metal [8]. Regarding TFMLs, the 
mobility of the brittle fibre-reinforcement in the core layer is restricted together with the limited 
plastic deformation of the core layer can lead directly to a sharp increase in tensile stress on the 
outer steel sheet and premature cracking. Therefore, it is necessary to study the deep-drawability 
of TFMLs under controlled thermal conditions for identifying and defining the processing 
conditions of TFMLs with a polymer matrix close to or even above its melting point. In a previous 
study, the deep drawing of 190 mm diameter TFML (steel/GF-PA6)/steel) blanks utilizing a 
100 mm diameter punch was studied, where cracking-free samples could only be obtained utilizing 
high holding forces of 200-300 kN (i.e. 10-15 MPa holding pressure) for drawing depths of less 
than 17 mm, where severe wrinkling and thickness irregularities took place [9]. In another study 
on Al/GF-PA6/Al laminates, forming at a temperature of 270 °C (significant higher than the 
melting point of PA6, i.e. 220 °C) leading to a significant polymer squeeze-out during deep 
drawing and thermal degradation of the PA6 matrix [10]. On this basis, there is still a need to 
understand and identify the forming behaviour of such TFMLs aiming to maximise their limits at 
reduced processing conditions (temperatures and holding pressures). This can be a further source 
of energy saving during processing TFMLs.  

The current paper is concerned with the warm forming of MPMs and TFMLs. For this purpose, 
the forming behaviour is characterized via standard methods (tensile testing, deep drawing and 
FLC determination) at room temperature and two elevated temperatures, which are selected in 
relation to the melting temperature (Tm) of the polyamide matrix, which is approx. 220 °C. In this 
regard, the warm forming behaviour of MPMs and TFMLS was characterized at 200 °C (below 
Tm) and 235 °C (slightly higher than Tm) in order to define the forming temperature at which less 
defects can be reached. The investigations of this paper focus on the different testing methods on 
one combination of MPM and TFML, however other combinations are studied previously [11]. 
Materials and experimental work 
The used TFMLs are three-layered ones containing steel cover sheets together with non-reinforced 
or fibre-reinforced PA6 core layers. The steel sheet grade TS290 is electrolytically-galvanized and 
has a thickness of 0.3 mm. The fibre-reinforced core used is a roving glass fibre-reinforced PA6 
consolidated composite organosheets (Tepex® dynalite 102-RG600(2)/47%, LANXESS Germany 
GmbH) with a fibre content of 47 vol-% in thicknesses of 0.5 and 1.0 mm, where its weaving style 
is twill 2/2 [12]. With this, two laminates are investigated: a) metal/PA 6/metal with a core 
thickness of 1.0 mm, abbreviated as MPM-1.0 and b) metal/Tepex®/metal with the same core 
thickness of 1.0 mm, abbreviated as TFML-1.0. The steel/core adhesion for the semi-finished 
laminates is achieved via hot-pressing at 245 °C, 0.3 N/mm² and 5 min holding time. Prior to hot-
pressing, the materials were prepared following the scenario described in [13], where the steel 
sheets are grinded, tempered (at 440 °C for 1 min), cleaned with acetone, applying a co-polyamide-
based adhesive agent, and finally activated at 250 °C for 3 min. With this, an adhesion strength in 
terms of the single lap shear strength for MPM and TFML of about 23 and 15 MPa could be 
obtained, respectively [13]. 

To achieve good warm forming conditions, the tools being in contact with the blank were 
designed. A schematic representation of the FLC determination and deep drawing tools is shown 
in Fig. 1. The forming die and punch parts are warmed-up before the test in a separate furnace, 
however the blank holder is in-situ heated via implemented heating cartridges. Insulating ceramic 
discs are utilized to minimize the heat loss and protect the forming machine from overheating. The 
testing temperatures (200 and 235 °C) could be successfully controlled with a tolerance of ±5 K 
[14]. The testing conditions are summarized in Table 1. 
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Lubrication is a dominant factor affecting the forming limits. For FLC determination, a 
combination of Teflon and additional thermoplastic films with inlayers of grease were utilized at 
RT with a total thickness of 2 mm, however only Teflon foils were used at the elevated forming 
temperatures with a total thickness of 2 mm. For deep drawing, a 0.05 mm thermoplastic film was 
used at RT, however a combination of Teflon (0.05 mm) and Molycote® spray are utilized for the 
elevated temperature testing condition. For determining the limiting strains, a digital image 
correlation system was used, where heat-resistant sprays for the stochastic pattern were applied for 
a successful strain evaluation. 

 
Fig. 1: Schematic representation of: a) the 100 mmØ semi-spherical punch for FLC 

determination, and b) the 100 mmØ flat cylindrical deep drawing punch. 
The FLC curves were determined based on the line-fit method, where the thinning rate is 

considered for determining the localisation and therewith the major and minor strains for the FLC 
can be obtained [15]. Four test samples geometries with different widths are utilized for different 
stress states, namely 200, 150, 100, and 50 mm for equi-biaxial, in-between, plane strain and 
uniaxial strain conditions, respectively. 
 

Table 1: Test conditions for the FLC and deep drawing experiments. 
Test D0 [mm] d0 [mm] rp [mm] rd [mm] v [mm/s] Fh [kN] T [°C] 
FLC 200 100 - 10 1.5 100 RT, 200, 235 
Deep drawing 180 100 15 15 0.5 15 RT, 200, 235 
D0: blank diameter, d0: punch diameter, rp: punch corner radius, rd: die radius, v: test speed, Fh: holding force, T: 
test temperature 

Results and discussion 
Firstly, the influence of the temperature on the tensile properties of the steel sheet TS290 is 
determined and the corresponding results are summarized in Table 2. It can be clearly observed 
that the strength-related properties (yield strength (YS), ultimate tensile strength (UTS) and elastic 
modulus (E)) are reduced with increasing the testing temperature up to 235 °C with a slight 
increase in the strain at failure (A80). This result is expected to have an impact on reducing the 
forming forces at the elevated test temperatures and improving the fracture displacement, too. 
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Table 2: Temperature-dependent mechanical properties of the TS290 steel sheet. 

Steel grade T [°C] E [GPa] UTS [MPa] YS [MPa] A80 [%] 

TS290 
RT 178 ± 2 410 ± 1 283 ± 2 19.5 ± 0.5 
235 168 ± 5 379 ± 1 257 ± 1 20.8 ± 0.9 

Forming limits curves (FLC): FLCs for the monolithic steel sheet and the different laminates 
(MPM and TFML) at different temperatures are presented in Fig. 2. To indicate the forming forces 
and displacements at failure, Fig. 2a) depicts the force-displacement curves for the samples for the 
equi-biaxial strain path, i.e. the 200 mm diameter samples. Similar to the behaviour of the tensile 
properties, the maximum forming force of the steel is reduced from 30 kN down to 24 kN with an 
increase of the displacement from 33 to 35 mm. As a result, the FLC level of the steel at 235 °C 
(Fig. 2b)) is slightly higher than at RT in the equi-biaxial straining range (right-side of the 
diagram). 

The same tendency was found for the MPM sheets; however, the level of the forming forces is 
unsurprisingly higher than those for only one steel sheet. The punch displacement of MPM is less 
than the ones of the steel sheets indicating a possible reduction of the FLC level.  

 
Fig. 2: a) Force-displacement curves for the samples with the 200 mm diameter (i.e. equi-biaxial 

strain) and b) the obtained FLCs for different materials and testing temperatures. 
This is in accordance with the literature, where MPMs have slightly lower forming limits in 

relation to their monolithic metallic cover sheets [16], where the non-reinforced polymer core can 
be plastically-uniformly matching the formability of the cover steel sheets. Only for thicker cores 
(at core volume fraction > 60 %), the FLC level of such thick-cored MPM can be reduced in the 
right-side of the FLC, as found recently for MPMs with polypropylene core [17], too. Like the 
steel sheets, there is no significant difference between the FLC of MPM at RT and 200 °C 
(Fig. 2b)). 

Regarding the FLC levels for the TFMLs, as can be seen from Fig. 2b), the FLC level at RT is 
extremely low and the main failure strains are located in the plane strain regions. This can be 
attributed to the restricted and localised formability of the organosheets (2/2 twill fabric) at RT 
and its influence on the plastic deformation of the outer steel sheet, instead of the uniform straining 
for the steel and MPM sheets, leading to earlier failure; this is in accordance with the results stated 
in [18]. This can be clearly observed through the displacement value in Fig. 2a), where only a 
depth of 13 mm before cracking can be reached compared to approx. 35 mm at the elevated 
forming temperature. The FLC level of TFMLs increases remarkably with increasing the 
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temperature to 200 °C or 235 °C, reaching the level of the MPMs or even the monolithic steel 
sheet, which is the maximum FLC level achievable. The difference between the FLC levels 
determined at 200 and 235 °C is negligible. Therefore, forming at 200 °C is sufficient extending 
the forming limits of TFML together with less squeezing-out of the polymer matrix, which took 
place in the melted matrix at 235 °C. It can be stated that at RT the forming/draping limit of the 
organosheet dominates the FLC level of its TFMLs; however, at the elevated temperatures, the 
cover sheet dominates the FLC level. 

Deep drawing results: the deep drawing results in terms of force-displacement curves and the 
forming strains are depicted in Fig. 3. A criterion was defined indicating a satisfactory forming 
which is a forming depth of 40 mm. This limit was reached by the steel sheets at 235 °C as well 
as at RT (see Fig. 3a). This criterion was fulfilled by the MPM sheet at RT, too. This is in 
accordance with the FLC results, where MPM with the non-reinforced core show a FLC level next 
to that one of the steel sheet. Specific deep-drawn cups are presented in Fig. 4. 

 
Fig. 3: Deep drawing behaviour of the steel, MPM and TFML sheets at different temperatures in 

terms of: a) deep drawing force-displacement and b) forming strains compared to the FLC. 
With deep drawing of TFML at temperatures above the melting point of PA6, i.e. at 235 °C as 

shown in Fig. 4e), severe wrinkling on the inner cover sheet and waviness on the outer side took 
place. The reason is that the molten polymer matrix does not provide the stability of the cover 
against the circumferential compressive stresses of the blank in the flange and cup wall regions. A 
geometrical factor could play a role in wrinkling which is the larger gap size (3.3 mm) and the die 
radius (𝑟𝑟𝑑𝑑 = 15 mm), where a large gap to sheet thickness ratio often leads to waviness during 
drawing of the sheet [19]. As shown in Fig. 3a), the drawing force of TFML is reduced at 200 °C 
and 235 °C compared to RT, which is due to the softening of the core material and, consequently, 
the increase in fibre mobility/drapability in the PA6 matrix. The maximum drawing depth of the 
TFML at RT was about 15 mm. It should be mentioned that the drawing depth of the monolithic 
organosheet (Tepex) core is the same like in the TFMLs at room temperature [14]. This limit was 
increased to > 40 mm drawing depth at 235 °C, which could be attributed to fibre fracture in the 
flange area [14]. This highlights the dominancy of the organosheet core determining the forming 
limit. 

A comparison of the strain distribution on the drawn samples with the previously obtained FLCs 
is shown in Fig. 3b) in order to examine the crack probability as well as to examine the validity of 
the FLC itself. The minor-major strain points of the failed TFML at RT are overlapped in the 
diagram. The results show that these strain values are beyond the FLC level indicating cracking 
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and confirming the applicability of the obtained FLC. For the MPM and TFML at elevated 
temperature, no failure by cracking is expected, where most of the strain values are below the 
uniaxial tensile strains in the direction of the compressive and shear regions confirming the 
wrinkles formed.  

 

Fig. 4: Drawn cups at RT of: a) the steel sheet, b) MPM-1.0 and c) TFML-1.0, in addition to the 
TFML drawn cups at: d) 200 °C and e) 235 °C showing wrinkling and squeezing-out. 

In order to examine the critical drawing depth, at which wrinkling starts forming, two-step 
drawing operation was carried out up: 1st drawing: up to 25 mm, and 2nd step: up to 40 mm [14]; 
it was found that no wrinkling was observed at the 25-mm step at the elevated temperatures. 
Summary and conclusions 
The influence of the forming temperature on the forming limits of monolithic steel, MPM and 
TFML sheets was determined in terms of forming limit curves and deep drawing. The following 
conclusions can be drawn: 

• The FLC of the MPMs is comparable to the one of the monolithic steel cover sheets, 
regardless the testing temperature.  

• The FLC of TFML is remarkably improved compared to forming at RT at elevated 
temperatures near the melting point of the polymer matrix. Forming close below and above 
the melting point (200 °C and 235 °C) doesn’t show significant differences. Therefore, 
forming at 200°C can be favoured, where less defects like core squeezing-out and thickness 
irregularities are expected. The organosheets dominate the FLC-level at RT and the steel 
cover sheets are dominant at the elevated temperatures. 
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• Under deep drawing conditions, TFML at RT is subjected to localized tensile stresses 
exerted by the fibre-reinforced core on the outer cover of TFML, leading to early failure. 
The strain distribution of the drawn parts at RT are dominated by the fibre-reinforced core. 
At the elevated temperatures of TFML and MPM, the cover sheets dominate the failure 
conditions. Drawing at 235 °C leads to unavoidable thickness irregularities. Therefore, 
deep drawing of pre-bonded TFML is favoured at 200 °C. Wrinkling is more susceptible 
by forming above the melting temperature of the polyamide matrix (i.e. at 235 °C). 
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Abstract. The development of new vehicles generations lighter and safer is still a challenge. 
Therefore, several companies are looking for innovative and efficient solutions able to combine 
hard and soft zones in the same structural part. In this work, attention is paid on the press hardening 
process with the integration of an intermediate pre-cooling, which involves a secondary furnace 
where the temperature for hard zones is maintained at the complete austenitization one and soft 
zones are cooled. A numerical-experimental analysis was carried-out to understand how process 
parameters, i.e., the pre-cooling temperature and the time taken for the pre-cooling phase, 
influenced the mechanical properties of the component. As a case study, an automotive B-Pillar in 
USIBOR®1500 was chosen. For this study, a Finite Element (FE) model was developed for the 
numerical simulation of the press-hardening technology, varying process parameters. The FE 
thermal cycles were experimentally reproduced on samples using a Gleeble®3180 thermo-
mechanical physical simulator. After physical simulation, tensile tests, hardness tests and 
metallographic analysis were carried out on treated samples, with the aim of measuring their 
mechanical properties.  
Introduction 
In automotive field, some components require higher stiffness, strength, or energy absorbing 
capacity in a specific area [1]. In press hardened components, to achieve tailored properties (soft 
and hard zones on a single component) several technologies have been developed. In the following, 
examples of tailored process technologies, which exploit heat treatment to produce different 
microstructures and mechanical properties, are listed. First, the Tailored Blank Heating (THB) 
technology allows to obtain soft zones by controlling the blank temperature in the furnace before 
the process. Specifically, these soft areas are not fully austenitized [2]. Second, soft zones can be 
realized after the press hardening process by partially annealing the fully hardened part by means 
of laser or induction [3, 4]. Third, to obtain tailored properties while the press hardening process 
is ongoing, Tailored Tool Tempering (TTT) or Intermediate Pre-Cooling (IPC) techniques should 
be adopted. In the TTT approach, the fully austenitized blank is placed on the tool, but the part is 
cooled at different cooling rates through heating cartridges and cooling channels in tools in 
correspondence of the hard and soft zone, respectively [5, 6]. IPC approach, instead, is a relatively 
new tailored technology which employ a secondary furnace (tempering station) where the 
temperature of hard zones is maintained equal to that set in the first furnace (complete 
austenitization temperature), but soft zones are cooled [7]. This technology, compared to the 
conventional ones, is well suited to realize freely distribute soft zones on the component, e.g., soft 
flanges around the part and soft spots in the middle of the part. To this end, several intermediate 
cooling systems have been developed by different furnace makers. As an example, AP&T patented 
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the application of multi-layer furnaces combined with the TemperBox® one [8]. The blanks are 
austenitized in the multi-layer furnace. Before the press hardening process, the blanks are moved 
into another furnace (the TemperBox®) where re-heating is done with masking. Masked areas are 
cooled below approximately 700 °C, meanwhile the unmasked areas are re-heated to 930 °C 
(complete austenitization temperature) [9]. In this work, the IPC technology was investigated to 
manufacture an automotive B-Pillar in USIBOR®1500 steel (22MnB5) which require two soft 
zones and one hard. Specifically, the influence of pre-cooling temperature in the second furnace 
(Tprecooling) and the time taken during this cooling on the mechanical properties of the component 
(tprecooling) were evaluated.  
Methodology 
The effect of the tempering station process parameters, i.e. Tprecooling and tprecooling, on mechanical 
properties of the component was investigated. The scheme of the process is reported in Fig. 1. 

For this study the following numerical-experimental methodology was adopted: 
(i) First, a Finite Element (FE) model for the numerical simulation of the press hardening 

process with IPC technology was developed in AutoForm R10. As a case study, an 
automotive B-Pillar was considered (Fig. 2). For this component, one hard zone and two soft 
zones are required, as highlighted in Fig. 2. The model has been implemented by considering 
a blank in Al-Si coated 22MnB5 steel of 1.3 mm thick with a ferritic-pearlitic initial 
microstructure. Twelve FE simulations were run by varying Tprecooling between 600 °C - 700 
°C and tprecooling between 30 s - 210 s. The process parameters set in the FE model were 
reported in Table 1. FE results in terms of the hardness on the final component were collected 
and then elaborated with the kriging technique [10] to obtain response surfaces of the 
hardness as a function of the pre-cooling temperature and time taken during the pre-cooling 
phase. Finally, FE thermal cycles in the hard zone and in one of the two soft zones (Soft 
region 2) were derived. 

 

 

Fig. 1: Scheme of the process investigated Fig. 2: B-Pillar investigated in  
this study 

(ii) Second, by setting the pre-cooling temperature at 600 °C, the thermal cycles, at different 
pre-cooling times, acquired for the soft and hard regions were physically simulated by 
means of the Gleeble®3180 system. For such tests, the Usibor®1500 specimens 1.3 mm 
thick, shown in Fig. 3 were adopted. During physical simulation tests, the specimens were 
instrumented with three thermocouples: one in the center of the specimen (control 
thermocouple) and the other two at a distance from the center of 5 mm and 15 mm, 
respectively. The four thermal cycles of the soft region, one for each pre-cooling time, were 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 447-454  https://doi.org/10.21741/9781644902417-55 

 

 
449 

physically simulated on eight specimens. Four of these eight specimens were subjected to 
the metallographic and hardness analyses, the other four were adopted for the tensile tests. 
These last specimens, however, were previously machined to obtain the specimen in Fig. 
4. The geometry of the specimen shown in Fig. 4 guarantees the location of the break in 
the central point (point in which control thermocouple was welded). The same procedure 
was adopted for the termo-mechanical cycles of the hard region. 

Table 1. Process parameters in FE model  

Process parameter Value 
Temperature of tools (Ttool) [°C] 80 
Initial temperature of the blank (Tblank) [°C] 950 
Pre-cooling Temperature (Tprecooling) [°C] 600 °C – 650 °C – 700 
Pre-cooling time (tprecooling) [s] 30 – 90 – 150 – 210 
Transport time from tempering furnace to 
press (ttransport2) [s] 5 

Transport time from austenitization furnace 
to tempering furnace (ttransport1) [s] 5 

Friction coefficient 0.4 
Forming velocity (v) [mm/s] 200 
HTC to Tool [mW/(mm2K)] 3.5 
Quenching Force (Fquench) [kN] 1.2E+04 

 

  

Fig. 3: Geometry of specimen adopted for 
physical simulation tests  

Fig. 4: Geometry of specimen adopted for tensile 
tests 

(iii) Third, after physical simulation tests, specimens were subjected to hardness tests, tensile 
tests and metallographic observations to experimentally understand how mechanical 
properties of hard and soft zone change with tprecooling parameter.  

Results 
FE results allowed to predict how metallurgical and mechanical properties of the studied 
component is affected by the pre-cooling temperature and the pre-cooling time in the second 
tempering furnace, by means of AutoForm-PhaseChange Plug-In and AutoForm-Thermo Plug-In. 
For example, for Tpreccoling of 600 °C, FE simulations predict, in the soft region (Soft region 2), a 
microstructural composition equal to 56.45 % of martensite, 3.9 % of ferrite and 39.65 % of bainite 
in correspondence of tprecooling equal to 30 s. On the other hand, for tprecooling equal to 210 s, the 
estimated microstructural composition is equal to 57.27 % of ferrite and 42.73 % of pearlite. In 
the hard region, instead, for each value of the pre-cooling time and pre-cooling temperature, a 
completely martensitic microstructure was observed with a mean value of hardness equal to 490 
HV10. Hardness results obtained in the soft region 2 with the FE simulation were collected and 
processed using the kriging technique to obtain the metamodel shown in Fig. 5. The increase in 
the pre-cooling time in the second tempering furnace leads to a reduction in hardness. In the 
explored range, the pre-cooling temperature has smaller effects on hardness. For this reason, 
Tpreccoling was set equal to 600 °C for the subsequent experimental analysis. Specifically, for 
Tpreccoling equal to 600 °C, thermal cycles of the process for each investigated pre-cooling time were 
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derived from FE model. These thermal cycles are shown in Fig. 6a and Fig. 6b for the hard region 
and soft region 2, respectively. 

 
Fig. 5: Metamodel of the hardness in the soft region 2 as a function of Tpreccoling and tpreccoling 

 

 

(a) (b) 
Fig. 6: FE thermal cycles at different values of pre-cooling time for: (a) the hard region and 

(b) the soft region 2 

FE thermal cycles in Fig. 6 were physically simulated using the Gleeble®3180 system on 
Usibor®1500 specimens, as described in the methodology section. To experimentally evaluate the 
hardness and the microstructure in the specimen center after physically simulating thermal cycles, 
the specimens were cut in the central section, mounted in an epoxy resin and then grinded and 
polished. Vickers hardness tests (load: 2 kg, dwell time: 10 s) were carried out, instead, for 
metallographic observations, the specimens were etched with a 2 % nital solution and observed by 
the Eclipse MA200 Nikon light microscope. The hardness mean values near the point in which 
control thermocouple was welded and the relative error bars are shown as a function of the pre-
cooling time in Fig. 7a and Fig. 7b for the soft region and the hard region, respectively. From Fig. 
7a, it can observe that an increase in the time taken in the pre-cooling phase in the second tempering 
furnace leads to a reduction in hardness in the soft region. Starting from a pre-cooling time equal 
to 150 s, the hardness remains quite constant and equal to the material hardness in the supply state. 
The hardness trend as a function of the pre-cooling time is in agreement with the FE one. However, 
the difference between numerical and experimental results of hardness is about 20 %. The results 
collected in Fig. 7b show a slight reduction of hardness with increasing the pre-cooling time also 
for the hard region. This issue is more evident if the hardness value related to tprecooling = 30 s and 
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the one obtained with tprecooling = 210 s are compared. In the hard region, the hardness trend as a 
function of the pre-cooling time does not match with the FE one. In fact, FE model estimated a 
constant hardness value for each value of the pre-cooling time.  

 

 

(a) (b) 
Fig. 7: Experimental hardness values for each investigated pre-cooling time in 

correspondence of (a) the soft region and (b) the hard region 

The phenomena determining the reduction of hardness are different for the soft and hard parts. 
In the soft region, the longer the time taken to cool this region, the lower the cooling rate. Low 
values of cooling rate lead to intersect the continuous cooling transformation (CCT) curves in 
correspondence of most ductile microstructural phases such as ferrite, perlite and bainite. In this 
way, the percentage of martensite is reduced, obtaining lower hardness values. In the hard region, 
instead, long tprecooling leads to an increase in the total time the blank remains at high temperature 
(950 °C). Geiger et al. [11], in fact, verified that the permanence at high temperature can cause the 
phenomenon of the austenite grain growth. Furthermore, it was reported that with increasing 
austenite grain size, the size of the lath martensite increases [12]. These aspects were deeper 
investigated and confirmed by means of metallographic analyses. In Fig. 8 the micrographs 
corresponding to the thermal cycles of the soft region for tprecooling equal to 30 s (Fig. 8a) and 
tprecooling equal to 210 s (Fig. 8b) are observed. Confirming FE results, from Fig. 8a a mixed ferritic-
pearlitic-martenitic-bainitic microstructure is observed for tprecooling equal to 30 s, while from Fig. 
8b, a ferritic-pearlitic microstructure was recorded for a tprecooling of 210 s. Fig. 9 shows the 
micrographs in the hard region for the minimum cooling time (Fig. 9a) and for the maximum pre-
cooling time (Fig. 9b) investigated. By comparing these two figures qualitatively, it is possible to 
observe larger martensitic laths in Fig. 9b respect to those observed in Fig. 9a. Results of 
metallographic analyses confirm that the reduction in hardness is due to an increase in the grain 
size, caused by a great value of dwell time at the complete austenitization temperature. 
By calculating the softening level in the soft region by means of equation 1, the histogram in 
Fig. 10 is obtained. 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (%) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧
  (1) 

Results in Fig. 10 show that the new tailored press-hardening technology with intermediate pre-
cooling allows to differentiate the mechanical properties of the component. For tprecooling = 30 s a 
softening of 26% is obtained. The maximum softening equal to 58% is recorded for tprecooling = 150 
s. 
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(a) (b) 
Fig. 8: Micrographs (1000X) corresponding to the thermal cycles of the soft region for 

tprecooling equal to 30 s (a) and tprecooling equal to 210 s 

  

(a) (b) 
Fig. 9: Micrographs (1000X) corresponding to the thermal cycles of the hard region for 

tprecooling equal to 30 s (a) and tprecooling equal to 210 s 

 
Fig.10: Softening level achieved with the investigated tailored press-hardening technology as a 

function of the pre-cooling time 

To verify the influence of the pre-cooling time in terms of Ultimate Tensile Strength (UTS) and 
elongation at break (EL) in the soft region, tensile tests were performed as described in 
methodology section. These tests were assisted by the Digital Image Correlation (DIC) system 
ARAMIS 3D (provided by GOM) to evaluate the local elongation of the specimen. Fig. 11a shows 
the obtained stress-strain curves evaluated in the rupture point. As an example, Fig. 11b shows the 
deformation distribution on the specimen subjected to the thermal cycle of the process with a 
tprecooling = 30 s and the relative rupture point (R). From Fig. 11a it is possible to observe that as the 
pre-cooling time increases, the UTS is reduced, in agreement with the hardness tests results. The 
high ultimate tensile strength at tprecooling=30 s is justified by the presence of a martensitic 
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microstructure fraction. The EL, instead, tends to increase with the increase in the pre-cooling 
time.  

The elongation at break is about 10 %, for tprecooling = 30 s and approximately 40 % for a pre-
cooling time equal to or higher than 90 s. In the maximum softening condition, the elongation at 
break is comparable with the one achieved with the tailored tool tempering approach [10].  

 

 

(a) (b) 
Fig. 11: (a) stress-strain curves measured in the rupture point and (b) the deformation 

distribution on the specimen subjected to the thermal cycle with a tprecooling = 30 s 

Conclusions  
The following conclusions can be drawn: 

• The combination between physical and numerical simulation allowed to study the new 
press-hardening process with the intermediate pre-cooling phase for manufacturing 
automotive component with tailored properties;  

• FE analysis had revealed that the most influent parameter on the component properties at 
the end of the process is the time taken during the taken for the pre-cooling phase in the 
second furnace; 

• Experimental analysis in the soft region showed, in agreement with FE results, that as the 
pre-cooling time increases, there is a reduction in hardness, ultimate tensile strength and 
an increase in the elongation at break. By means of the metallographic analysis, this 
behaviour was justified by the microstructural changes. Specifically, as the pre-cooling 
time increases the austenite is transformed in ductile microstructural phases such as ferrite, 
perlite and bainite. Instead, experimental analysis in the hard region showed that the pre-
cooling time influenced also its mechanical properties. In fact, the greater the pre-cooling 
time, the greater the high temperature dwell time in the hard region. The increase in the 
dwell time at high temperature caused a slight increase in the size of the martensitic lath, 
so a slight decrease in the hardness; 

• The comparison between tailored tool tempering approach and the one investigated in this 
work showed that the softening level and deformability reached in the soft region in the 
condition of maximum softening are comparable. However, the new explored approach 
can be of greater interest to automotive companies. In fact, the manufacturing cycle time 
to reach greater softening is lower in the tailored press-hardening technology with 
intermediate pre-cooling, since the dwell time in the second tempering furnace is a 
downtime in which the press machine is not involved.  
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Abstract. Through the development of furnace technologies and tool concepts, partial press 
hardening has become an established process in the automotive industry for setting tailored 
properties on press-hardened components. Tailored properties on press-hardened components 
offer the potential to improve crash performance as well as to facilitate downstream joining 
processes and mechanical treatments. One approach to adjust these properties through local pre-
cooling is based on a special oven chamber with an integrated masking technology, called 
TemperBox®. The integrated mask protects the blank locally from incident heat radiation and 
simultaneously absorbs the blank's own radiation. An important parameter during this process is 
the pre-cooling time in the TemperBox®. The pre-cooling time can influence the phase 
transformation and the component properties. Therefore, blanks made of the conventional press 
hardening steel 22MnB5 AS150 are partially precooled in the TemperBox® for different periods 
of time and the component properties are investigated on the basis of formed hat profiles. In 
addition, a simulation approach for calculating the heat radiation exchange with the finite element 
software LS-Dyna® is shown. Based on the simulative and experimental investigations, it is 
demonstrated that there is a dependency between pre-cooling time and the components properties. 
Introduction 
In modern automotive engineering, press-hardened steels are increasingly used in highly stressed 
structural components. Through a combination of forming in the austenitized state and rapid 
cooling, conventional press hardening steels such as 22MnB5 achieve tensile strengths up to 1600 
MPa [1], which are used in all Mercedes-Benz models. In addition to the intention of achieving 
higher strengths and thus fully exploiting the potential for lightweight construction, the demand 
for steels with higher ductility is increasing. These enable targeted energy absorption as a result of 
plastic crash deformation. In particular, the connection areas of the B-pillar to the sill or to the roof 
frame as well as axially loaded side member structures have to be made more ductile. In order to 
integrate ductile areas on the press-hardened component, four different semi-finished product 
concepts and component concepts are available according to the current state of the art: Tailored 
welded blanks, tailored rolled blanks, patchwork blanks and tailored tempering parts [2]. For the 
production of tailored tempering parts, a variety of partial heat treatment processes can be 
distinguished due to technological developments in furnace and tooling technology. The three 
basic process routes in partial heat treatment are partial austenitization before forming, locally 
varying cooling during and after forming, and partial tempering after press hardening [2]. Through 
controlled heat treatment in the respective process routes, component areas with lower strength 
and simultaneously higher ductility can be produced. The high ductility on the component enables 
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improved energy absorption and deformation capacity as a result of crash-like deformation and at 
the same time facilitates the downstream joining operations. 

In this work, the influence of partial austenitization before the forming phase is investigated. A 
chamber furnace from AP&T AB is used for the experiments. This furnace has two chambers for 
heating and homogeneous austenitization of the blank and the TemperBox® for partial 
austenitization. The time- and temperature-dependent influence of thermal radiation plays a key 
role in achieving tailored properties on press-hardened components. In order to calculate this 
influence in advance, an approach for simulating the heat radiation exchange in LS-Dyna® is 
demonstrated and validated by experimental investigations. 
Process for controlled phase transformation before hot stamping 
In industry, controlling the temperature of semi-finished products during the heating phase is an 
established method for adjusting tailored properties [3]. The use of new furnace technologies 
enables a controlled phase transformation on the blank after the heating phase. A furnace 
technology for partial austenitization can be found in the TemperBox®, in which a cooled mask 
made of aluminium protects the blank from thermal radiation and at the same time absorbs the 
thermal energy of the blank. The process steps of partial press hardening with the TemperBox® 
are shown in Fig. 1a. First, the blank is trimmed and, depending on the blank geometry, material 
and sheet thickness, heated for several minutes and thus homogeneously austenitized. Afterwards, 
the austenitized blank is automatically positioned in the TemperBox® and partially cooled. 

Fig. 1: Process steps in partial press hardening with TemperBox® 
The process steps within the TemperBox® are shown in Fig. 1b. In the first step, the 

homogeneously austenitized blank is positioned on the support frame within about 4 to 6 seconds. 
Then the lower movable mask moves in the direction of the upper fixed mask and picks up the 
blank via centring cones. Depending on the geometry, material and sheet thickness, the blank is 
then partially precooled for about 45 to 140 s by the cooled aluminium mask. While the side of the 
mask facing the heating coils has a smooth surface to prevent the mask from heating up, the heat 
radiation is absorbed on the side of the mask facing the blank due to the higher roughness. After 
partial austenitization, the blank is positioned in the tool, for instance with a robot or a furnace 
feeder, and then formed and partially quenched. During the forming and quenching process, blank 
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cooling begins as a result of thermal energy extraction due to tool contact. This thermal energy 
extraction or thermal conduction leads to the diffusionless transformation of the austenitized area 
of the blank into a martensitic microstructure. The effect of heat conductivity on the phase 
transformation of the blank depends on pre-cooling time and the phase transformation from 
austenite to ferrite, pearlite and bainite that has taken place beforehand. After the quenching 
process is completed, the components are cooled in air and trimmed to size. In the following, the 
basics of calculating the heat radiation exchange are described and application-related aspects of 
partial austenitization with the TemperBox® are presented. 
Calculation of radiation exchange 
In hot stamping, different heat transfer mechanisms occur depending on the process step. During 
the transfer phase, the semi-finished product temperature decreases due to heat radiation and 
convection with the environment, and in the forming and quenching phase, additional heat 
conduction occurs due to tool contact. Technological developments in plant and tooling technology 
extend the complexity of the thermal problem. For instance, in the TemperBox®, the exchange of 
heat radiation between surfaces in a closed space takes on a separate role. In comparison to the 
heat transfer mechanisms convection and heat conduction, in which the heat energy is transported 
from warm to cold areas, heat radiation also involves an exchange of heat energy from cold to 
warm areas [4]. This heat radiation exchange depends in particular on the orientation and position 
of the radiating surfaces, their temperatures and radiation properties [5]. A geometric quantity that 
is used to simplify the calculation of the heat radiation exchange is the view factor. The view factor 
describes the proportion of heat radiation that is transferred from one surface to another, depending 
on the position and orientation [4]. The starting point for the derivation of the view factor is the 
photometric fundamental law. For two surfaces in empty space shown in Fig. 2, the photometric 
fundamental law gives the radiant flow d2φ12 from the surface increment dA1 to the surface 
increment dA2 as a function of the intensity L1, the distance S and the angles θ1 and θ2 [4]: 

d2φ12 =  L1
cosθ1 cosθ2

S2
 dA1dA2. (1) 

The integration of the photometric fundamental law (Eq. 1) over two finite surfaces and the 
assumption that the radiation intensity L1 remains constant over the surface, the radiation flow can 
be described with the following equation: 

φ12 =  L1 ∫ ∫ cosθ1 cosθ2
S2A2A1

 dA1dA2. (2) 

With the relation φ1 = πL1A1 as the radiant flux emitted from the surface A1, the view factor is 
obtained as: 

F12 ≔
φ12
φ1

=  1
A1
∫ ∫ cosθ1cosθ2

πS2
dA1dA2.A2A1

 (3) 
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From the equation Eq. 3 it can be seen that the view factor is a geometric quantity that 
determines the proportion of radiation that is emitted from surface A1 to surface A2. 

Fig. 2: Two finite-sized surfaces and their orientation and position in empty space [5] 
Influence of the pre-cooling time in TemperBox® 
Within the scope of this work, a test component in form of a hat profile is partially press-hardened 
at a trial facility of Mercedes-Benz AG and examined with regard to the semi-finished product 
temperature, hardness, tensile strength and elongation at break. For the investigations, the 
aluminised, cold-rolled and micro-alloyed 22MnB5 AS150 with a sheet thickness of s0 = 1.5 mm 
is used. Table 1 summarises the chemical composition of 22MnB5 AS150. 
 

Table 1: Chemical composition of 22MnB5 AS150 

Alloying elements 
C 

[%] 
Mn 
[%] 

B 
[%] 

Cr 
[%] 

Si 
[%] 

Al 
[%] 

Ti 
[%] 

N 
[%] 

Mo 
[%] 

22MnB5/1,5 mm 0.23 1.18 0.003 0.18 0.25 0.04 0.04 0.004 0.004 

 
The blanks are first heated in the chamber furnace with a furnace temperature of TO = 950 °C 

and a furnace holding time of tO = 350 s. Then the austenitized blanks are transported from the 
furnace chamber to the TemperBox® by a furnace feeder in 4.5 s and positioned there on the 
support frame between the masks. During the following partial cooling, the blank is distanced by 
pins intergated in the mask to ensure the distance of approx. 2 mm between the blank and the 
masks as well as to avoid direct contact between the masks and blank. For the parameter variation, 
the pre-cooling times 15 s, 30 s, 45 s, 60 s, 75 s and 90 s are chosen with regard to the direct 
influence on the phase transformation and cooling rate as well as due to the significance for the 
resulting component properties. 

The partially austenitized blank is placed on the lower tool half after a transfer time of tT = 11 s 
and is formed after 15 s by tool contact on both sides. In the hardening phase, the blank is partially 
quenched with a pressing force of FP = 1250 kN and a hold time of tZ = 25 s. The forming and 
hardening process is then repeated. The hydraulic press Imposite 2500 from Dieffenbacher GmbH 
is used for the forming and hardening process. The tools for the hat profile are made of tool steel 
1.1730, which favours diffusionless phase transformation from austenite to martensite as a result 
of heat conduction effects due to its high thermal conductivity coefficient of λ = 50 W/(m∙K). 

The finite element software LS-Dyna® R12 is used to simulate the partial austenitization in the 
TemperBox® and the press hardening process. By calculating the view factors in LS-Dyna®, the 
heat radiation exchange between different surface segments can be mapped. Blankenhorn et al. [6] 
revised and used this calculation method to map the radiation exchange of a B-pillar segment in a 
paint curing oven. For the calculation of the thermal radiation exchange in the TemperBox® the 

dA1

A1

A2

dA2

s21

n1

n2
θ2

θ1

n1

n2
θ2

s12

dA2

A2

dA1

A1
θ1



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 455-462  https://doi.org/10.21741/9781644902417-56 

 

 
459 

keyword *BOUNDARY_RADIATION_ENCLOSURE is used. For this purpose, the 
TemperBox® is modelled as a closed furnace chamber consisting of housing, heating coils, masks 
and blank (Fig. 3). 

Fig. 3: Simulation model for the calculation of partial austenitization 
The models for imaging the housing and the heating coils are constructed with shell elements 

whose unidirectional element normals point in the direction of the acting bodies. Since the heating 
coils affect the masks and the blank from below as well as from above, the blank and the masks 
are constructed with solid elements to avoid the restriction of the unidirectional radiation 
exchange. The thermal boundary conditions for the calculation of the radiation exchange are 
shown in Table 2. These were summarized from time-temperature measurements and literature 
values.  

 
Table 2: Boundary conditions for the calculation of radiation exchange 

Boundary 
conditions Heating coil Mask Housing Blank 

Emission 
coefficient - 0.2 [7] - 0.75 [7] 

Temperature 1633.15 K 
Measurement of 

the time-
temperature curve  

323.15 K Simulation 

 
After the simulation of the partial austenitization, the history variables at the elements and the 

temperatures at the nodes of the blank are converted from volume elements to shell elements using 
the software Envyo®. This allows the forming and holding phases to be calculated more efficiently. 
In the forming and hardening phase, the process parameters such as hold time and pressing force 
are taken from the experimental investigations, whereby a constant Coulombʼ friction coefficient 
of µ = 0.45 is assumed. Another central aspect in the hardening phase is the heat transfer 
coefficient, which is integrated into the simulation as a function of the applied surface pressure 
based on the investigations by Svec [8]. The material model used for the 22MnB5 AS150 blank is 
*MAT_244, which calculates the phase transformation based on the work of Åkerström [9] and 
the Vickers hardness using the mathematical approach of Maynier [10]. 
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To measure the temperature of the semi-finished product, type K thermocouples are welded on 
the surface of the blank in the heated and cooled area. From the measurement results shown in 
Fig. 4 it is evident that an increase in the pre-cooling time has an influence on the course of the 
semi-finished product temperature in the heated and in the cooled area. A comparison between the 
curves of the semi-finished product temperature at tC = 15 s, tC = 30 s and tC = 45 s shows that the 
temperature in the heated and cooled area changes continuously. An increase in the pre-cooling 
time from 15 s to 45 s results in the semi-finished product temperature rising from 850 °C to 
906 °C in the heated area after partial austenitization and decreasing from 742 °C to 633 °C in the 
cooled area. 

Fig. 4: Experimentally determined and simulatively calculated time-temperature curves at 
different pre-cooling times 

Vickers hardness is an important mechanical parameter for the analysis of press-hardened 
components, that allows to evaluate the component properties of the semi-finished product and the 
resulting phase transformation. For this reason, hardness tests according to Vickers are carried out 
in cross-section with the semi-automatic hardness tester DuraScan 70 G5 from Struers GmbH. The 
results of the averaged hardness measurements for the different pre-cooling times are shown in 
Fig. 5. To determine the differences between experiment and simulation, the numerically 
calculated hardness curves and the experimentally determined hardness curves are compared. The 
diagrams show that the hardness curves can be calculated with good agreement. Analogous to the 
experimental results, no drop in hardness can be detected in the covered area from a pre-cooling 
time of tC = 45 s onwards.  

A significant characteristic of partially press-hardened components is the transition zone 
between hard and soft areas, which has an impact on their performance. The results of the hardness 
curves show that the pre-cooling time has an influence on the transition zone. With increasing pre-
cooling time, homogeneous soft and hard areas are formed, which are characterised by narrower 
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transition zones. Numerically, this effect can be determined by calculating the view factors and 
thermal interaction between the heating coils, the masks and the blank in a closed furnace chamber. 

Fig. 5: Simulatively calculated and experimentally determined hardness curves 
In addition to the hardness tests, tensile tests are carried out on a Z100 universal testing machine 

from Zwick Roll AG. The resulting mechanical properties of tensile strength and elongation at 
break are shown in the Fig. 6 for different pre-cooling times in the cooled and heated area. 

Fig. 6: Tensile strength and elongation at break in the cooled and heated area 
Analysis of the diagram shows that the tensile strength in the cooled area decreases with 

increasing pre-cooling time up to 60 s. At the same time, the elongation at break increases 
significantly starting from the pre-cooling time of 60 s. The results with cooling times of 30 s and 
45 s lead to a premature localisation of the strain due to the inhomogeneity of the strength. This 
effect is confirmed by the higher standard deviation in the respective mean tensile strengths and 
elongations at break. In the heated area, an effect of the pre-cooling time on the tensile strength 
and the elongation at break is not discernible. 
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Summary 
In summary, the present work has shown that the partial pre-cooling time in the TemperBox® has 
an influence on the phase transformation and the resulting mechanical properties. Furthermore, an 
approach to simulate the partial austenitization with the TemperBox® was presented and validated. 
Overall, the combination of the view factor calculation and the use of the material model 
*MAT_244 is suitable for the prediction of the semi-finished product temperature and the Vickers 
hardness after press hardening with partial austenitization. 

Future work will focus on extending the simulation model by measuring temperature-dependent 
emission coefficients at the blank surface and representing the temperature- and pressure-
dependent tribological conditions between the forming tools and the heated blank. In addition, 
process-specific influencing variables such as the mask spacing, the recess geometry, the sheet 
thickness and the partial pre-cooling time are investigated both on semi-finished products with 
lower or higher strength classes and on new component concepts such as patchwork blanks. 
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Abstract. Inter-ply friction plays a dominant role in inducing defects (e.g., wrinkling) during the 
hot stamping process of fibre metal laminates (FMLs). In particular, the metal/prepreg inter-ply 
friction is highly affected by the process parameters at elevated temperature as the molten matrix 
is significantly sensitive to possible changes in these parameters. In this paper, the metal/prepreg 
inter-ply friction was experimentally investigated at increasing relative sliding displacement and 
varying normal pressure. To do that, pull-through tests with a stop-start control strategy were 
conducted at elevated temperature. The obtained results showed the transition of the lubrication 
mode given by the Stribeck theory from a hydrodynamic to a mixed one as the relative sliding 
displacement rose at whatever normal pressure level. An increase in the inter-ply friction 
coefficient was found as well.  
Introduction 
Fibre metal laminates (FMLs), a form of hybrid laminated material system made up of thin metal 
sheets laminated with fibre-reinforced polymer (FRP) layers, take advantage of both the material 
categories, as they overcome the FRP reduced toughness, and, at the same, enhance the mechanical 
resistance of monolithic metal sheets [1]. Aluminium alloy-based FMLs, such as glass-reinforced 
aluminium laminates (GLARE), aramid-reinforced aluminium laminates (ARALL), and carbon-
reinforced aluminium laminates (CARALL), were introduced in the aerospace sector to reduce the 
overall weight and improve the impact and fatigue responses of structural parts [2]. Recently, 
driven by the increasing demand for high strength-to-density parts, magnesium alloy-based FMLs 
have been introduced, with also the chance of widening the FMLs applications thanks to the 
effective electromagnetic interference shielding offered when magnesium alloy sheets are used 
[3]. 

For the composite core, there has been a rise in the adoption of continuous carbon fibre 
reinforced thermosetting polymers (CFRPs) for structural applications. Nevertheless, since 
thermoplastic polymers guarantee reduced cycle time, recyclability, and better compatibility with 
the currently available stamping lines [4], they are becoming an alternative to thermosetting ones 
as matrices of the composite core. However, thermoplastic polymers have a significantly higher 
melting viscosity than thermosetting ones, bringing various issues during the forming process that 
may affect the part final performances. FMLs are usually formed at elevated temperature to take 
advantage of the metal sheet higher formability. The deformation mechanisms taking place during 
stamping at elevated temperature mainly include intra-ply behaviours such as in-plane shear, out-
plane bending, tension, transverse compression, and inter-ply behaviours consisting of ply/tool 
and ply/ply slippage [5]. In particular, the inter-ply friction is relevant to both the interface between 
two plies of the composite and the interface between the metal sheet and the composite. The inter-
ply friction may have a significant impact on the onset of defects, such as wrinkling, during 
stamping, and can lead to undesired changes in the yarns, which, in turn, can lead to fibre in-plane 
undulations or in-plane waviness in the formed parts. Numerous researchers have investigated how 
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process parameters such as the normal pressure, sliding velocity, and temperature may affect the 
tool/ prepreg inter-ply friction in case of hot stamping FRPs within the hydrodynamic lubrication 
range, and the obtained results were consistent with the Stribeck theory, which states that the 
kinetic friction coefficient can be linearly fitted as a function of the Hersey number, which is 
determined by the normal pressure (p), the viscosity of the liquid(η) and the relative sliding 
velocity(v), as shown in Fig. 1 from the work of Gorczyca-Cole et al. [6]. Chow [7] performed 
experiments to analyse the inter-ply friction of commingled glass polypropylene four-harness 
satin-weave fabric between the binder ring and the die: the mixed lubrication mode was found in 
this research, and an inter-ply friction analytical model was introduced accordingly to incorporate 
the weighted effects of the Coulomb and hydrodynamic friction models at varying process 
parameters. To measure the kinetic friction, Sachs et al. [8] compared and reviewed various friction 
test setups in terms of their measured coefficients of friction using a standardization procedure.  

 
Fig. 1 Stribeck curve: kinetic friction coefficient versus Hersey number.  

During the forming process carried out at temperature above the melting one of the 
thermoplastic polymer matrix of the composite, the thickness of the resin between the metal and 
composite layers varies as a consequence of the gradient of the normal pressure applied on the 
metal layers and the metal/composite inter-ply slippage. From the tribological viewpoint, the 
distance between two solid surfaces separated by a thin liquid film significantly affects the 
solid/liquid interfacial shear stress and further influences their inter-ply friction [9]. In this 
framework, in order to gain a comprehensive understanding of the mechanisms in the hot stamping 
process of magnesium alloy-based FMLs, the effect of the normal pressure on the inter-ply friction 
was investigated, as well as the coupled effect of the normal pressure and relative sliding 
displacement was studied.  
Materials and Methods 
Materials. The FMLs investigated in this study are made of glass fibre-reinforced PA6 prepregs 
(Tepex® 102-RG600 (2)/47% Type B, thickness 1 mm) and AZ31B magnesium alloy sheets 
(thickness 0.5 mm) arranged as described below. The mechanical characteristics of the magnesium 
alloy sheets and prepregs in the as-delivered condition were evaluated by carrying out standard 
tensile tests (ISO-6892) on a 50 kN MTS™ 322 hydraulic dynamometer, as shown in Table 1. The 
main characteristics of the prepregs are presented in Table 2.  

Table 1 Mechanical properties of the AZ31B sheets and prepregs. 

AZ31B sheets  Prepregs  
Elastic Modulus 45 GPa Tensile modulus 18 GPa 
Yield Strength 158±2 MPa Tensile strength 380±5 MPa 

Tensile Strength 248±4 MPa Strain at break 2.3% 
Shear Modulus 16.7 GPa Flexural Modulus 16 GPa 
Poisson’s Ratio 0.35 Flexural Strength 300 ±5 MPa 
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Table 2 Main characteristics of the prepregs [10]. 

Layup Value Unit Longitudinal Transversal 
Fibre E-Glass  

Weaving style Twill 2/2  
Area weight (dry 

fabric) 
600 g/m² 

Yarn count 1200 tex 
Yarn density 2.5 2.5 1/cm 
Weight rate 50 50 % 

Fibre content  47 Vol-% 
Thickness per layer  0.5 mm 
Laminate density 1.8 g/cm³ 

Stop-start pull-through tests. According to the ASTM standard D3528 [11] for evaluating the 
tensile and shear strengths of adhesives for bonding metals, the testing apparatus shown in Fig. 2 
(a) and (b) was designed and constructed for the measurement of the metal/prepreg inter-ply 
friction coefficient. The adopted cross-shaped specimen is made of two prepreg layers along the 
horizontal direction and one metal sheet between them along the vertical direction (see Fig. 3 for 
the sketch and dimensions of the specimen). The specimens were tested in a plate-plate 
configuration with a constant overlapping area of 20 x 20 mm2, see Fig. 3. The tests were 
performed on the MTS™ 322 hydraulic dynamometer equipped with the MTS™ 651 
environmental chamber to heat up the specimen to the testing temperature. To achieve a uniform 
temperature distribution, the set-up was heated up for 1 hour before assembling the specimen. The 
metal sheet was gripped to the lower clamp of the testing machine so that the pulling velocity could 
be controlled. Various normal forces F were adopted by controlling the stroke of the compression 
spring shown in Fig. 2. Therefore, the normal pressure p can be calculated from Eq. 1, where A is 
the overlapping area shown in Fig. 3. The homogeneous normal pressure distribution is assumed 
in this research. With the normal pressure applied on this area, the concave and convex structures 
of the fibres will be easily flattened at elevated temperatures, which contributes to a neglectable 
nonuniform normal pressure distribution. 

𝑝𝑝 = 𝐹𝐹
𝐴𝐴
.  (1) 

To assess the potential effect of the metal/prepregs relative sliding displacement on the inter-
ply friction, the total stroke of the magnesium alloy sheet along the pulling direction, namely 25 
mm, was uniformly divided into 5 stages as indicated in Fig. 3. A stop-start control strategy was 
applied in each stage to obtain the inter-ply friction coefficient. Pulling-through of the AZ31B 
sheet was regulated in a distance-controlled mode within each stage, so that the test was conducted 
at a given sliding velocity, meanwhile, the pulling force was monitored as a function of the 
distance. The test was stopped for one minute at the end of each stage to relax and relieve the 
stress, and then restarted for the next stage. 

The pull-through tests were conducted at normal pressure of 0.5 MPa, 2.5 MPa, and 5 MPa, 
which covers the range of normal pressure in the thermoforming process of typical hat-shaped 
FMLs with the same material system [12]. To investigate the effect of normal pressure on the inter-
ply friction, other influence factors were kept constant with the pulling velocity of the AZ31B 
sheet fixed at 0.5 mm/s as well as the testing temperature at 235℃, which is above the PA6 melting 
temperature, namely 220℃. For each testing condition, five tests were performed to assure the 
repeatability of the results. 
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Fig. 2 Set-up for the stop-start pull-through tests: (a) assembly; (b) scheme. 

 
Fig. 3 Sketch and dimensions of the specimen used in the stop-start pull-through tests. 

Test data elaboration. Fig. 4 illustrates the friction force developing between two surfaces 
separated by a liquid film. When the liquid film is thick enough, the friction force shows a typical 
liquid-like characteristic: it rises first at increasing relative sliding displacement, and then it 
reaches a stable value, named Fk, the kinetic friction force. As the liquid film thickness decreases, 
a hard-wall film occurs as a result of the increase in the liquid viscosity [13]. Therefore, a solid-
like shear response is observed, characterized by the static friction force Fs.  

The pulling force 𝐹𝐹 measured during the stop-start pull-through tests, namely the friction force, 
can be used to calculate the inter-ply shear stress 𝜏𝜏 using Eq. 2. 

𝜏𝜏 = 𝐹𝐹
2𝐴𝐴

  (2) 

Furthermore, the static shear stress 𝜏𝜏𝑆𝑆 and kinetic shear stress 𝜏𝜏𝐾𝐾 can be obtained from Eq. 3 
and Eq. 4, respectively. 

𝜏𝜏𝑆𝑆 = 𝐹𝐹𝑆𝑆
2𝐴𝐴

  (3)   
𝜏𝜏𝐾𝐾 = 𝐹𝐹𝐾𝐾

2𝐴𝐴
  (4) 
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Therefore, the static and kinetic friction coefficients can be calculated according to Eq. 5 and 
Eq. 6, respectively. 

𝑢𝑢𝑆𝑆 = 𝜏𝜏𝑆𝑆
𝑝𝑝

  (5)   

𝑢𝑢𝐾𝐾 = 𝜏𝜏𝐾𝐾
𝑝𝑝

  (6) 

 
Fig. 4 Friction force between two surfaces separated by a liquid film. 

Results and discussion 
Influence of the relative sliding displacement on the inter-ply friction. Fig shows the inter-ply shear 
stress τ at different stages when applying 2.5 MPa as normal pressure p. It can be seen that the 
evolution of the shear stress is significantly different as the stage increases. A gradual increase in 
the shear stress followed by a steady state was found in case of the stages 1 and 2: this is indicative 
of a liquid-like inter-ply shear characteristic, which makes negligible the difference between the 
static and dynamic friction coefficients as shown in Fig. 5 (b) at these two stages. This can be 
further proved by the morphology of the residues on the surface of the tested magnesium alloy 
sheets (see Fig. 6). As most of the residues detected on the AZ31 sheets at stage 1 were of the 
polymer matrix, the inter-ply shear occurred at the interface between the metal and the polymer 
matrix. At the initial two stages, the molten polymer matrix actually worked as a sort of liquid 
lubricant at the metal/prepreg interface. As a result, the prepreg and the metal sheet were separated 
by a liquid film, which identifies the hydrodynamic mode of lubrication. From stages 1 to 2, more 
molten polymer matrix was removed from the connecting area due to the longer relative sliding 
displacement, and, as a consequence, the thickness of the polymer matrix becomes thinner. At 
stage 3, a mixture of polymer matrix and entangled fibres is visible on the tested magnesium alloy 
sheets as shown in Fig. 6 (b). This means that the mixed mode of the metal/polymer matrix and 
metal/fibre inter-ply friction makes the metal/prepreg inter-ply friction fall into the mixed 
lubrication range. A different shear stress response is also brought by the transition of the 
lubrication mode: the shear stress curve relevant to stage 3 in Fig. 5 (a), after reaching the peak 
point, decreases until a steady state level is reached. This curve clearly shows a solid-like inter-ply 
shear response. From stage 3 to stage 5, there is a growing divergence between the static and 
dynamic friction coefficients as shown in Fig. 5 (b). At stage 5, the difference reaches its maximum 
value, confirmed by the mixture of fibre and polymer matrix-dominate residues on the tested AZ31 
sheets (see Fig. 6 (c)). What’s more, the metal/fibre inter-ply friction coefficient, which can be 
interpreted as the Coulomb friction coefficient, is higher than the one at the metal/ polymer matrix 
interface, so the inter-ply friction coefficient increases at increasing fibre volume fraction. This 
explains why, as the stage moves from 3 to 5, both the inter-ply friction and shear stress rise. From 
stages 1 to 5, it can be seen that as the stage rose, the stroke reaching the shear stress peak declined. 
This can be explained by the fact that as the amount of molten polymer matrix in the contacting 
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area reduces, the content of fibre grows, increasing the viscosity of the interface layer and further 
raising the system shear modulus (the ratio of the peak shear stress to the corresponding shear 
strain) [14]. 

 
Fig. 5 Pull-through test results at different stages and 2.5 MPa normal pressure: (a) shear 

stress, and (b) friction coefficient. 

 
Fig. 6 Morphology of the residues on the tested AZ31 sheets at different stages:(a) stage 1, (b) 

stage 3, and (c) stage 5.  
Influence of the normal pressure on the inter-ply friction. Fig. 7 shows the pull-through test 

results at varying normal pressure. As expected, from Fig. 7 (a), the higher the normal pressure 
(from 0.5 MPa to 5 MPa) the higher the shear stress (from τp0.5 to τp5) at all the stages. However, 
the effect of increasing normal pressure on the increase in the inter-ply shear stress was less than 
linearly proportional. At stage 1, the liquid-like inter-ply friction at normal pressure from 0.5 MPa 
(μp0.5) to 2.5 MPa (μp2.5) made the inter-ply friction located in the hydrodynamic lubrication region. 
The net result was a decrease in the coefficient of friction at increasing normal pressure in this 
region, which is consistent with the results presented in [13]. This can be explained by the fact that 
the fibre layer was still characterized by a relatively rough surface when low values of the normal 
pressure were applied. On the contrary, the surface asperities were flattened at increasing normal 
pressure, which contributed to a decrease in the inter-ply friction coefficient. When the applied 
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normal pressure was 5 MPa, the surface of the fibre layer was further flattened, however, the mixed 
lubrication mode due to the direct contact between the metal sheet and fibre layer, as shown in Fig. 
8 (a), increased the friction coefficient. As a result, the inter-ply friction at 5 MPa normal pressure 
was a little higher than that at 2.5 MPa. Moreover, the inter-ply shear stress as a function of the 
relative sliding displacement at varying normal pressure shows different tendencies. It can be seen 
that a solid-like shear response was found at stage 1 when the FML was subjected to a 5 MPa 
normal pressure, leading to fibre residues on the tested magnesium alloy sheet as shown in Fig. 8 
(a). When the normal pressure was decreased to 2.5 MPa, the transition from a liquid-like response 
to a solid-like one was found at stage 3. For a normal pressure of 0.5 MPa, a slight gap between 
the static and kinetic shear stress between the metal and fibre layers was found at the last two 
stages. It can be seen that the highest normal pressure contributed to accelerate the transition from 
a liquid-like inter-ply friction response to a solid-like one. This can be explained by the fact that 
the higher the normal pressure the more the molten polymer matrix squeezed out from the 
contacting area, leading to a decrease in its thickness between the metal and the fibre layers at the 
initial stage. On the other hand, as the relative sliding displacement increased, the higher shear 
stress caused by the higher normal pressure aggravated the loss of resin. This phenomenon 
contributed to the contact between the fibre and metal layers. What’s more, with the increasing 
contact area between the metal and fibre layers, a wider gap between the static and kinetic shear 
stresses was found at the highest normal pressure.  

 
Fig. 7 Pull-through test results at varying normal pressure: (a) shear stress, and (b) friction 

coefficient. 

 
Fig. 8 Morphology of the residues on the tested AZ31 sheets at 5 MPa normal pressure: (a) stage 

1, (b) stage 3, and (c) stage 5. 
Summary 
In this study, a comprehensive series of experiments were conducted to gain a better understanding 
of the effect of the normal pressure on the inter-ply friction when testing magnesium alloy-based 
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FMLs at elevated temperature. The main findings of the present research work can be summarized 
as follows. The metal/prepreg inter-ply friction at elevated temperature was found to be sensitive 
to the relative sliding displacement regardless of the applied normal pressure. As the relative 
sliding displacement rose, a transition from hydrodynamic lubrication mode to a mixed one was 
found, together with an increase of the inter-ply friction. Moreover, the increase in the normal 
pressure promoted the transition, further impacting the inter-ply friction. 
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