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Temperature measurement during blanking with enhanced speeds
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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.

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.
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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).

voltage measurement

punch
punch force
blank holder
-
sheet metal
die
[] electr. {1 const.
Isolation temperature

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 uV/°C to a minimum of 10 pV/°C were determined for the sheet material and -10 uV/°C to
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-3 uV/°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).

WC Co
CF-H408 88.0 balance
C Mn Fe
S355MC 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
I/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.

60 1/min 300 1/min
Clean
Cut
4 mm
O
Fractured me
Surface -75 =
]
[ ]
v -150 =

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 CO»
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

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.
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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. 10%*s") 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 Hgsp between the inductor and the
workpiece, the penetrating magnetic field intensity Hpen on the other side of the workpiece and the
permeability p. 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].

p= %H(ngap - H}%en) (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 CuCrZrl 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 puF, 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 CuCrZrl2 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 uF. 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 Rpo.2 of
133 MPa and a tensile strength R, 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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Initial State t =0 ms Maximum Expansion t = 13.2 ms Declining Expansion t = 27.6 ms

Receded Expansiont=31.0 ms Annular Expansion t = 35.4 ms Second Expansion t = 44.0 ms

100 mm

Fig. I 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.
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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
(al). 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 al, d1, el, hl, ...,j2, k2,12, 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 — 1. 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 (6220 mm) were formed
by EMF and EHF into a drawing ring without restricting the forming depth (Fig. 3).
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_ o, fuid gectrode £ 304 [ ]
insulation 3 C [ ]
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drawmgrlng—- discharge energy in kJ

sheet metal membrane
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 (al) 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 03) 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 workpiecé and die for EHIF ﬂeﬁ)—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
22MnBS 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 v 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.
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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/s? is assumed for simplification. With these assumptions, the
impact velocity viio amounts 5.1 m/s. To calculate the velocities of the IM vy, and the cutting
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tool vruor 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 s9) with a length of the cutting line /.
The parameter k; 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/s? 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.

21



Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023) 19-26 https://doi.org/10.21741/9781644902417-3

plate frame
I 4

| coupling mechanism __|
[T s ] with linear motors

N

N impact mass

cutting tool

]

% i % }spring—damperunit

] high speed cameras —= !

lJ_I_:I:—:I:_I_LI with led lights

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 | principle of elastic impact, acceleration of an impact
cutting punch mass with linear motors
central localized impact on cutting | selection of a frame with column guided plates, one
tool plate is impact mass
flexible adjustment of the motor dynamics by setting
variation of the cutting energy control parameters, optional variation of impact mass
and additional tool masses
controlled absorption of dynamic use of a spring-damper system which absorbs impact
forces energy and transfers it to the frame over a large area
linear motors must not collide with | construction of a coupling mechanism which enables the
stationary masses automated pick-up and uncoupling of the impact mass

Technological advantages compared to other test benches:

e Precise adjustment of impact energy by adjusting engine dynamics (speed, acceleration,
jerk, setting of launch position) and variation of impact and cutting tool masses

e High accessibility for sensory acquisition of the HSIC process

e Recording of the cutting punch speed with high-speed cameras as no obscuring of the
field of vision by enclosures etc.

e Integrated motor measuring system enables feedback on the applied impact energy

e 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.
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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 v 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 ve.. This
implies that v, 1s 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 v 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.
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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.
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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.
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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 DCO06 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
10° s7! [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

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.
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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 10° s' 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 DC0O6 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-%)
C Si Mn S Al Ti Nb Fe
0.007 0.01 0.12 0.00 0.06 0.06 0.01 bal.

DCO06

Pusher

Guiding sleeve

Punch (2 20)

Blank holder
Specimen

Die (2 20.2)

........

sheet metal strip (specimen) g 1 5
e

PN
schematic punch contour (@ 20)

Fi ig. 1: Experzmental 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 A9, the specific heat capacity cg, the Taylor-Quinney factor x
[14], mass density p and the forming work performed AWqs. 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 x =0.9 was set.

kAW
Co' P

A8 (1)
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Blank holder

she

ear zone
11130 elements ||

a) Y

v Specimen Die
b

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.

Displacement measurement (250J)
T T T _ Sl —‘S

257 1 Vpunen = 7= = 6.147m/s
204 Point1 i 12
€ el
g 1.5- S Energie | Velocity
c =1H
= 1.0+ LE|
GE) 0.5. g 250 J 6.147 m/s
) Point2 i i
E 0.0 500 J 8.244 m/s
2 051 ‘ .
s ---- Specimen 1 750 J 8.978 m/s
-1.0+ —— Specimen 2
1.5 Specimen 3 1000J | 9.641 m/s
20 ' ' ) Average
0.00 0.01 0.02 0.03 0.04

Timeins

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).

250 j {500 a2 [/50 1000

% 30.237| rollover heigh& 30,256 T B0 245
Bl 1 206| burnish Bk 101 | REE | | .
> o1 Bl 52| fecre Sk 504 b | Y B8 405

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 (ata
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.

Penetration depth of the cutting punch in %
12% 25%

l!

16 46 77 108 138 169 200 230 261 292 322
1 1 1 1 1 ] | 1 | I I I 1 )
Tin°C
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.

T T T T T T T T

350 - .

300 .

250 + .

200 + .

Temperature in °C
L)

150 .

A Simulation
= Experiment

60 65 70 75 80 85 90 95 100
Velocity in m/s

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.

100

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 DCO6 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.

References

[1] S.F. Golovashchenko, N. Wang, Q. Le, Trimming and sheared edge stretchability of
automotive 6xxx aluminum alloys, J. Mater. Process. Technol. 264 (2019), pp. 64-75.
https://doi.org/10.1016/j.jmatprotec.2018.09.001

33



Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023) 27-34 https://doi.org/10.21741/9781644902417-4

[2] M.-L. Li, D.-S. Bi, J.-K. Hao, Automotive sheet metal SAPH440 and Q235 formability of
comparative study, 2015 International Conference on Material Science and Applications (icmsa-
15) : Atlantis Press, pp. 1027-1030

[3] K. Sugimoto, T. Hojo, A.K. Srivastava, Low and medium carbon advanced high-strength
forging steels for automotive applications. Metals 9 (2019), Nr. 12, pp. 1263.
https://doi.org/10.3390/met9121263

[4] A.K. Perka, M. John, U.B. Kuruveri, P.L. Menezes, Advanced High-Strength Steels for
Automotive Applications: Arc and Laser Welding Process, Properties, and Challenges, In: Metals
12 (2022), Nr. 6, pp. 1051. https://doi.org/10.3390/met12061051

[5] S. Winter, M. Nestler, E. Galiev, F. Hartmann, V. Psyk, V. Krdusel, M. Dix, Adiabatic
Blanking: Influence of Clearance, Impact Energy, and Velocity on the Blanked Surface, J. Manuf.
Mater. Process. 5 (2021), Nr. 2, pp. 35. https://doi.org/10.3390/jmmp5020035

[6] F.Schmitz, S. Winter, T. Clausmeyer, M.F.-X. Wagner, A. E. Tekkaya, Adiabatic blanking
of advanced high-strength steels, CIRP Ann. 69 (2020), Nr. 1, pp. 269-272.
https://doi.org/10.1016/j.cirp.2020.03.007

[7] D.M. Neto, J.R. Barros, M.C. Oliveira, P.V. Antunes, A. Ramalho, R.L. Amaral, A.D. Santos,
J.L. Alves, L.F. Menezes, Heat generation when forming AHSS: experimental and numerical

analysis of tensile and draw-bead tests. IOP Conference Series: Materials Science and Engineering
967 (2020), Nr. 1, pp. 12086. https://doi.org/10.1088/1757-899X/967/1/012086

[8] P.Knysh, Y. P. Korkolis, Determination of the fraction of plastic work converted into heat in
metals, Mech. Mater. 86 (2015), Nr. 3, pp. 71-80. https://doi.org/10.1016/j.mechmat.2015.03.006

[9] N. Abedrabbo, F. Pourboghrat, J. Carsley, John, Forming of AA5182-O and AA5754-0 at
elevated temperatures using coupled thermo-mechanical finite element models, Int. J. Plast. 23
(2007), Nr. 5, pp. 841-875. https://doi.org/10.1016/j.1jplas.2006.10.005

[10]F. Andrade, M. Feucht (Eds.): A comparison of damage and failure models for the failure
prediction of dual-phase steels, 2017

[I1]E. Galiev, S. Winter, F. Reuther, V. Psyk, M. Tulke, A. Brosius, V. Kréusel, Local
Temperature Development in the Fracture Zone during Uniaxial Tensile Testing at High Strain
Rate: Experimental and Numerical Investigations, Appl. Sci. 12 (2022), Nr. 5, pp. 2299.
https://doi.org/10.3390/app 12052299

[12]M. Feucht, F. Neukamm, A. Haufe, A phenomenological damage model to predict material
failure in crashworthiness applications. Recent developments and innovative applications in
computational mechanics: Springer, 2011, pp 143—153. https://doi.org/10.1007/978-3-642-17484-
1 17

[13]V. Psyk, C. Scheffler, M. Tulke, S. Winter, C. Guilleaume, A. Brosius, Determination of
Material and Failure Characteristics for High-Speed Forming via High-Speed Testing and Inverse
Numerical Simulation, J. Manuf. Mater. Process. 4 (2020), Nr. 2, pp. 3.
https://doi.org/10.3390/jmmp402003 1

[14]G.I. Taylor, H. Quinney, The latent energy remaining in a metal after cold working. In:
Proceedings of the Royal Society of London. Series A, Containing Papers of a Mathematical and
Physical Character 143 (1934), Nr. 849, pp. 307-326. https://doi.org/10.1098/rspa.1934.0004

[15]C.K.C. Lieou, C.A. Bronkhorst, Thermomechanical conversion in metals: dislocation
plasticity model evaluation of the Taylor-Quinney coefficient, Acta Mater. 202 (2021), Nr. 849,
pp. 170-180. https://doi.org/10.1016/j.actamat.2020.10.037

34



Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023)

Incremental forming

35






Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023) 37-44 https://doi.org/10.21741/9781644902417-5

Die-less forming of fiber-reinforced thermoplastic sheets and
metal wire mesh

Jan-Erik Rath"- 2" and Thorsten Schiippstuhl’:®

"Hamburg University of Technology, Institute of Aircraft Production Technology,
Denickestr. 17, 21073 Hamburg, Germany

3jan-erik.rath@tuhh.de, "schueppstuhi@tuhh.de

* corresponding author
Keywords: Fiber Reinforced Plastic, Free Forming, Incremental Sheet Forming

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].

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.
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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.

b)
Path Forming Strategy Layering Strategy

Fixation

Forming Tool

M
Mesh after "s
elastic recovery

Supporting Tool

Mesh during
forming step

Fixation Forming Sequence
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.
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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.

a)

e

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. 3a) F rming seuence and result following the path foming 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/m? 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
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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.

‘; l “‘\“A
o sheet, b) setup of centrally clamped stack

Fig. 4 a) Stack of wire mesh, release film and organ
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.

a) b)

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-
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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.

Acknowledgements
Research was funded by the German Federal Ministry for Economic Affairs and Climate Action
under the program LuFo VI-1 iFish.

References

[1] P. Davies, W.J. Cantwell, P.-Y. Jar, P.-E. Bourban, V. Zysman, H.H. Kausch, Joining and
repair of a carbon fibre-reinforced thermoplastic, Compos. 22 (1991) 425-431.
https://doi.org/10.1016/0010-4361(91)90199-Q

[2] M. Biron, Thermoplastics and thermoplastic composites: Technical information for plastics
users, Elsevier BH, Amsterdam, 2006. https://doi.org/10.1016/B978-185617478-7.50005-2

[3] P. Mallick, Fiber-Reinforced Composites: Materials, Manufacturing and Design, CRC Press,
2008. https://doi.org/10.1201/9781420005981

[4] D.M. Bigg, D.F. Hiscock, J.R. Preston, E.J. Bradbury, High Performance Thermoplastic
Matrix ~ Composites, J.  Thermoplast. = Compos. Mater. 1  (1988) 146-160.
https://doi.org/10.1177/089270578800100203

42



Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023) 37-44 https://doi.org/10.21741/9781644902417-5

[5] I Martin, D. Del Saenz Castillo, A. Fernandez, A. Gliemes, Advanced Thermoplastic
Composite Manufacturing by In-Situ Consolidation: A Review, J. Compos. Sci. 4 (2020) 149.
https://doi.org/10.3390/jcs4040149

[6] M. Flemming, G. Ziegmann, S. Roth, Faserverbundbauweisen: Fertigungsverfahren mit
duroplastischer Matrix, Springer Verlag, 1996. https://doi.org/10.1007/978-3-642-61432-3

[7] G. Ehrenstein, Faserverbund-Kunststoffe, Hanser Verlag, 2006.
https://doi.org/10.3139/9783446457546.fm

[8] B.-A. Behrens, A. Raatz, S. Hiibner, C. Bonk, F. Bohne, C. Bruns, M. Micke-Camuz,
Automated Stamp Forming of Continuous Fiber Reinforced Thermoplastics for Complex Shell
Geometries, Procedia CIRP 66 (2017) 113—118. https://doi.org/10.1016/j.procir.2017.03.294

[9] T. Hennige, Flexible Formgebung von Blechen durch Laserstrahlumformen, Meisenbach,
Bamberg, 2001.

[10] A.K. Miller, M. Gur, A. Peled, A. Payne, E. Menzel, Die-Less Forming of Thermoplastic-
Matrix, Continuous-Fiber Composites, J. Compos. Mater. 24 (1990) 346-381.
https://doi.org/10.1177/002199839002400401

[11] A. Rosochowski, A. Matuszak, Rapid tooling: the state of the art, J. Mater. Process. Technol.
106 (2000) 191-198. https://doi.org/10.1016/S0924-0136(00)00613-0

[12] T.Z. Sudbury, R. Springfield, V. Kunc, C. Duty, An assessment of additive manufactured
molds for hand-laid fiber reinforced composites, Int. J. Adv. Manuf. Technol. 90 (2017) 1659—
1664. https://doi.org/10.1007/s00170-016-9464-9

[13] D. Afonso, R. Alves de Sousa, R. Torcato, L. Pires, Incremental Forming as a Rapid Tooling
Process, Springer International Publishing, Cham, 2019. https://doi.org/10.1007/978-3-030-
15360-1

[14] A. Brent Strong, P.B. Hauwiller, Incremental Forming of Large Thermoplastic Composites,
J. Thermoplast. Compos. Mater. 2 (1989) 122—132. https://doi.org/10.1177/089270578900200204

[15] S.G. Kaufman, B.L. Spletzer, T.L. Guess, Freeform fabrication of polymer-matrix composite
structures, in: Proceedings of International Conference on Robotics and Automation, 1997, pp.
317-322.

[16] D.F. Walczyk, J.F. Hosford, J.M. Papazian, Using Reconfigurable Tooling and Surface
Heating for Incremental Forming of Composite Aircraft Parts, J. Manuf. Sci. Eng. 125 (2003) 333—
343. https://doi.org/10.1115/1.1561456

[17] T. Trzepiecinski, Recent Developments and Trends in Sheet Metal Forming, Metals 10
(2020). https://doi.org/10.3390/met10060779

[18] H. Zhu, H. Ou, A. Popov, Incremental sheet forming of thermoplastics: a review, Int. J. Adv.
Manuf. Technol. 111 (2020) 565-587. https://doi.org/10.1007/s00170-020-06056-5

[19] S. Bagheri, A. Kami, M. Shakouri, Single point incremental forming of polyamide/30 wt%
short  glass  fiber  composite, J.  Thermoplast. = Compos.  Mater.  (2022)
https://doi.org/10.1177/08927057221083497

[20] R. Conte, G. Ambrogio, D. Pulice, F. Gagliardi, L. Filice, Incremental Sheet Forming of a
Composite Made of Thermoplastic Matrix and Glass-Fiber Reinforcement, Procedia Eng. 207
(2017) 819-824. https://doi.org/10.1016/j.proeng.2017.10.835

43



Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023) 37-44 https://doi.org/10.21741/9781644902417-5

[21] G. Ambrogio, R. Conte, F. Gagliardi, L. de Napoli, L. Filice, P. Russo, A new approach for
forming polymeric composite structures, Compos. Struct. 204 (2018) 445-453.
https://doi.org/10.1016/j.compstruct.2018.07.106

[22] A. Al-Obaidi, A. Graf, V. Krdusel, M. Trautmann, Heat supported single point incremental
forming of hybrid laminates for orthopedic applications, Procedia Manuf. 29 (2019) 21-27.
https://doi.org/10.1016/j.promfg.2019.02.101

[23] R. Emami, M.J. Mirnia, M. Elyasi, A. Zolfaghari, An experimental investigation into single
point incremental forming of glass fiber-reinforced polyamide sheet with different fiber
orientations and volume fractions at elevated temperatures, J. Thermoplast. Compos. Mater.
(2022). https://doi.org/10.1177/08927057221074266

[24] M. Fiorotto, M. Sorgente, G. Lucchetta, Preliminary studies on single point incremental
forming for composite materials, Int. J. Mater. Form. 3 (2010) 951-954.
https://doi.org/10.1007/s12289-010-0926-6

[25] C. Hou, X. Su, X. Peng, X. Wu, D. Yang, Thermal-Assisted Single Point Incremental Forming
of Jute Fabric Reinforced Poly(lactic acid) Biocomposites, Fibers Polym. 21 (2020) 2373-2379.
https://doi.org/10.1007/s12221-020-1016-0

[26] A. Al-Obaidi, A. Kunke, V. Kriusel, Hot single-point incremental forming of glass-fiber-
reinforced polymer (PA6GF47) supported by hot air, J. Manuf. Process. 43 (2019) 17-25.
https://doi.org/10.1016/j.jmapro.2019.04.036

[27]J.-E. Rath, R. Graupner, T. Schiippstuhl, Die-Less Forming of Fiber-Reinforced Plastic
Composites, in: K.-Y. Kim, L. Monplaisir, J. Rickli (Eds.), Flexible Automation and Intelligent
Manufacturing: The Human-Data-Technology Nexus, Springer International Publishing, Cham,
2023, pp. 3—14. https://doi.org/10.1007/978-3-031-18326-3 1

[28] J.-E. Rath, L.-S. Schwieger, T. Schiippstuhl, Robotic Die-Less Forming Strategy for Fiber-
Reinforced Plastic Composites Production, Procedia CIRP 107 (2022) 1281-1286.
https://doi.org/10.1016/j.procir.2022.05.145

[29] F. Heieck, Qualititsbewertung von Faser-Kunststoff-Verbunden mittels optischer
Texturanalyse auf 3D-Preformoberfldchen. Dissertation, 2019.

[30] T. Gries, D. Veit, B. Wulthorst, Textile Fertigungsverfahren: Eine Einfiihrung, Carl Hanser,
2014. https://doi.org/10.3139/9783446440579.fm

[31] M.P. Elkington, A. Sarkytbayev, C. Ward, Automated composite draping: a review, in:
SAMPE 2017, 22.5.-25.05.2017.

[32] M.P. Elkington, C. Ward, A. Chatzimichali, K. Potter, Studying effects of preshearing on
hand layup, Advanced Manufacturing: Polymer & Composites Science 1 (2015) 80-93.
https://doi.org/10.1179/2055035914Y.0000000007

44



Sheet Metal 2023 Materials Research Forum LLC

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

Development of a collaborative online knowledge management
system for incremental sheet forming

Thomas Bremen' 2", David Bailly" ®, Marthe Vanhulst? ¢, Hans Vanhove? ¢,
Joost R. Duflou? ¢ and Gerhard Hirt":f

'Institute of Metal Forming, RWTH Aachen University, Intzestr. 10, 52072 Aachen, Germany

’Department of Mechanical Engineering, Katholieke Universiteit Leuven / Member of Flanders
Make, Celestijnenlaan 300B, B-3001 Leuven, Belgium

athomas.bremen@ibf.rwth-aachen.de, *david.bailly@ibf.rwth-aachen.de,
°marthe.vanhulst@kuleuven.be, “hans.vanhove@kuleuven.be, ¢joost.duflou@kuleuven.be,
fgerhard.hirt@ibf.rwth-aachen.de

Keywords: Incremental Sheet Forming, Knowledge Management, Accuracy

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.

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
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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.

3D-View

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.
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Process Tool and Post Process

Product .
Geometry / Parameters J Processing Result

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.

3D Part Geometry Geometry Category Geometry | Limiting Material Initial
Geometry | Size Features Geometry Sheet
Global Global Symmetry Parameters Thickness
Curvature | Shape (before ISF)
[.stl/.stp] *  Length Q Flat O Round O Asymmetry | O Corner * Maximum |+ Alloy e [mm]
[mm] Q Uniaxially | Q Rectangular | O Rotational | O Cavity Wall Angle
e Width [mm] Curved Q Squared Symmetry Q Fold [°1 *  Yield Point
Surface Q Biaxially Q Oval O Flange Rp0,2
Area [mm?] Curved O Undercut *  Tightest [MPa]
O Uniaxially Radius
Curved with [mm] ¢ Young's
Curvature Modulus
Change *  Deepest [GPa]
O Freeform Cavity
[mm]

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.
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Process Type Type of Preform Fabrication Machine Description

O Multi-Stage Q Flat Type

o SPIF Q Stretch Forming Axis-Configuration

o TPIF Q Deep Drawing Max. Force [kN]

o Other QO Bending Working Space (Length, Width, Depth) [mm]
Q Other

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.

Process Geometry

Input Sheet Geometry Input Sheet Thickness Part Geometry for Process Clamping Geometry
Planning and Position
[.stl/.stp] e [mm/.txt] e [stp/stl] o [.stp/stl]

o Rectangular
o Circle
o Ellipse
o Near-Shape
o Other

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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Tool and Parameters
Type of Forming Tool Tip Tool Material Tribology Tool Path Design | Pitch Strategy
Tool Geometry
o Rigid o Hemispherical «  Alloy Q Coating o [txt] o Step Down
o Rolling o Other *  Type o Scallop
o Pulsing o Step Over
o Free Rotating Q Lubrication *  Pitch [mm]
o Driven Rotating *  Type
o Other *  Application Method
Forming Speed Process Temperature Temperature Distribution Forming Force
[mm/min] Temperature Level: o [txt] o [txt]
o Room Temperature
o Hot Forming
Type of heating:
o Local Heating
o Global Heating
Forming Temperature [°C]

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.

Post Processing

Trimming Heat Treatment
o Trimmed to Part Contour *  Time [s]
o Untrimmed ¢ Temperature [°C]

Type of trimming:
o Waterjet Cutting
o Laser Cutting

o Wire Cutting

o Milling

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".

50



Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023) 45-52 https://doi.org/10.21741/9781644902417-6
General Process Pictures Result Description | Accuracy Sheet Thickness Surface Quality
Producibility
o Producible e [.image] « free text ¢ Measurement Device | * Minimum Thickness |+ Surface Pictures
o Not Producible ¢ Measurement [mm] [.image]

Accuracy [mm] *  Thickness *  Optical Appearance
Scanned Geometries Distribution [.txt] [free text]

[.stl/.stl]

Deviation Plots
[.image]

Max. Deviation [mm]
Average Deviation
[mm]

Process Time Additional Information Process Goal Description Related Publication
[HH:MM:SS] *  Process Goal « free text + DOI
Q Industrial
*  Scientific
O Geometrical Accuracy
O Process Limits
O Feasibility

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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this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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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 110x110x35 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 5°
degrees at each stage. As illustrated in Fig. 1, with a middle level of initial draw angle, 40°, 45°,
50°, and 55° degree wall angles are formed in first to fourth stages respectively. Toolpath for the
operation are extracted using CATIA and MATLAB software [4].

110 mm -
Stage 1 3 To plate
. > Stage 2 _"L /‘
< @ b7 Stage 3 D!,
N 7 S
VK g E P Stage 4 Bt
\\ //
\\ @ ///
\\\\ f’l:‘.'} /{/
. SN /////
(a) \ / (b)

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

Materials Research Forum LLC

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 [°] 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 — fmin 100,

(1)

Where, t; = Initial blank thickness, t,,;, = Minimum observed thickness. t,,;, is measured
using digital micrometer (make MITUTOYO, Japan) whose accuracy is 0.00lmm and
repeatability of 95%. To measure thickness at corner of part, the parts are cut into two halves. Peak

54



Sheet Metal 2023 Materials Research Forum LLC

Materials Research Proceedings 25 (2023) 53-60 https://doi.org/10.21741/9781644902417-7

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| Blank | Initial | Max. PPF | S.R. |Pitch|Tool| Blank | Initial | Max. PPF
dia. |thickness| draw | thinning dia. |thickness| draw |thinning
angle angle
0.75 | 8 0.70 45 71.00 |724.70| 16 |0.75] 8 0.70 35 55.80 |636.42
0251 8 1.20 45 65.70 [1862.52] 17 10.50| 10 1.20 40 60.20 11999.85
0.75 | 8 1.20 35 5270 [1911.57] 18 ]0.50| 10 0.95 40 62.80 |1323.04
0.50 | 10 0.95 40 68.20 [1323.04] 19 ]0.25]| 10 0.95 40 63.80 |1234.76
025 | 8 0.70 35 55.20 |567.76| 20 |0.50| 10 0.95 40 62.80 |1323.04
0.50 | 10 0.95 40 62.80 |1323.14] 21 |0.75] 12 0.70 35 54.70 | 812.98
0.50 | 10 0.95 40 62.80 |1323.04] 22 |0.75] 12 0.70 45 68.90 | 840.32
0.25 | 12 1.20 45 66.00 |2078.32] 23 ]0.25| 8 1.20 35 50.30 |1656.54
0.50 | 12 0.95 40 62.20 |1479.98| 24 10.75] 8 1.20 45 65.40 |2097.94
0.25 | 12 1.20 35 51.00 |1941.12] 25 0.75] 10 0.95 40 61.40 |1460.36
025 | 8 0.70 45 70.50 |620.11| 26 |0.50] 10 0.95 40 62.80 |1323.04
0.50 | 10 0.95 35 57.90 |1260.65| 27 0.50] 10 0.95 40 62.80 |1323.04
0.25 | 12 0.70 45 68.50 |790.61| 28 0.50| 10 0.70 40 62.90 | 744.32
0.75 | 12 1.20 45 64.60 |2441.24] 29 0.25] 12 0.70 35 59.20 | 685.47
15 1050 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 R? value for the model is 0.9551,
adjusted R? and predicted R? 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 R?, and predicted R? values of the models
are 0.9989, 0.9980, and 0.9924. adjusted R?, and predicted R? 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.

N IS I = RN S AN G [V E N R [ SR
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Table 3. ANOVA for maximum thinning

Source Sum of DoF Mean F-value | p-value | Remark
Squares Square
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
T T T T T T *
v OB(é\) Bla?‘ithicknelss (mm) . 1'2 als ' 3!3 4'1 4'3 4|5

37
(b) Initial draw angle (degree)

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 (¢). 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 | DoF Mean F-value | p-value | Remarks
Squares Square

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
1500_| / & 1500 //
| 0|25 T T 1 1 T 8' 5 3 lI1 1IZ
) 03 (a?a;itch (r:;; 065 078 (b) Tool diameter (mm)
-—
| T T T T T T ]

07 0.9 1 11 12 T f I T I T
08 35 37 39 a1 13 5

(d) Initial draw angle (degree)

Fig. 3. Main effect plot for PFF

(¢) Blank thickness (mm)

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
18 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.
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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 R? 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+18.9222x(A)+8.658x(B)+43.544x(C)-2.303x(D)-
0.875%(A)(B)+5.400x(A)(C)-0.050%(A)(D)+0.175%(B)(C)-0.051 x(B)(D)+0.050x(C)(D)-
13.968%(A2)-0.318%(B2)-30.768%(C? )+0.051x(D?). ©)

PFF [N] = -1163.860 -713.685%(A) -166.391x(B) -379.694x(C) +91.129x(D)+25.001x(A)(B)
+826.460%(A)(C)-1.106x(A)(D) +77.052x(B)(C) -0.542x(B)(D)+21.649x(C)(D)+112.361x(A?)
+7.886%(B2)+504.777x(C2 )-1.171x(D?). 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 [°] |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]110091 |37|70.34 68.77 |2.24% 1640.95 1580.04 | 3.71%

2 04019 10.79 |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 02518 |0.854|35)|55.78 5498 |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
O, 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

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.
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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 7 = 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 7S 423.4 + 6.31 MPa
Uniform elongation UE 0.14 £ 0.004
Lankford coefficient  (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 2= 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 d; = 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
to = 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 U, = U; = U; = 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 ® = 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.

Initial position Tumbling position

Punch =g F

A —
e

Counterpunch Blank

©)

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

63



Sheet Metal 2023 Materials Research Forum LLC

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

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 fmax =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.

Shear cutting tool

Upper tool plate ——* T

Gas pressure springs oU |

Clamping plate —sg -

Cutting stamps ———

Orbital formed
component Lo

Cutting plate — )
First cutting sequence

m Second cutting sequence

ET |

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

Basic tool plate —*

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 # =2.0 mm reaches values for
Fe1=570.0 £ 8.9 kN and F» = 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 #, = 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
For=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).

65



Sheet Metal 2023 Materials Research Forum LLC

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

a) Conv ellthIl’ll

Geometrical appearance
of cutting edge

TSO

0.83 mm
0.88 mm
0.95 mm

2.00 mm

b

0.80 mm

0 ‘

1 2 3 4

Burnish depth/thickn

250 mm
0.52 mm
0.99 mm _

Conventional component
m Orbital formed component

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.

C10. fo =2. o mm. F = 4000 kN. Initial hardness: 170.5 + 10.6 HV0.05] Rellover

BB depth
1
T @-LB I Burnish zone
-__,\\ y :
o SVES Fracture zone
[ - l \ »
e
Micro hardness V0.0S —>
¥ Influenced zone
160 1875 215 - 270

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.
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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

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.
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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.

Mostly Spherical Mostly Cylindrical Fuselage Mostly Spherical

Fuselage Components Components Fuselage Components
(actual not manufacturable by (actual manufacturable by  (actual not manufacturable by
Polygon Forming) Polygon Forming) Polygon Forming)

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. Rpo2 =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 AIMg 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. Ryo2 = 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.

Scaled Polygon Forming Tool CAD Model

Adapter Press Ram \

—

——
Direction of Sheet
= Metal Feed

—
—

_; Sword

Bed Width
Sheet Blank Layers of Spring Steel Adapter Machine Bed/
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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Pre-Testing Tool Additive Manufactured Tool Geometry Variations
Guiding Device Stamp Sword

3-D Printer RF2000 Variation 1

Reset Springs ~ Sheet Blank
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.

Sword- Bed Variation 1

0
Buckling due to IBending in Spherical Direction |
Missing Counterbearing

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.

Sword- Bed Variation 2

Buckling

‘\ =

Bending Contrary
to Targeted
Spherical Direction

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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Sword- Bed Variation 3

due to Indent

Cambered Sword )
Bending Contrary

to Targeted
. Spherical Direction

Counterbearing to Local Spherical Area
prevent Buckling

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.

Stress-States “Conventional” Stress states Sword-Bed
Polygon Forming Variations 1-3

Concentration of Compressive Stresses

—mm Neutral Fiber
Oy Tensile Stresses
G, Compressive Stresses
M  Bending Moments

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
DCO04 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 ¢).

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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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.

b)

/clampingframe spinning mandrel inital state

/ die /7

“final state & R 3 v
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] [lgll{c; Material costs [€]
PLA 0,18 30 5,43
3D printed PVA 0,08 80 6,48
211,91
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.

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
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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. Ol
toolpaths, where the tool starts close to the backing plate and increases in depth, are commonly
used in multistage strategies. 10 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 10 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 (AIMg3).
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 sw * sin(a) with sw the scallop
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width of 1 mm and a 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

i tool movement

35 mm

a) 90° 80° 70° 60° 50°

35 mm

13 1

=

b) 90°  2.5mm 50° C)

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 coo