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2.1 Introduction to Micro Forming Processes

Bernd Kuhfuss

The projects of this chapter describe micro forming processes that are studied as
single processes but can also be combined as process chains. Proven examples are
material accumulation and succeeding rotary swaging, or rotary swaging and
extrusion.

Micro forming differs from macro forming due to scaling effects, which can
mean both challenges and benefits. Problems may arise from the handling of fragile
parts or adhesive forces between the micro parts or friction effects.

Benefits from scaling effects are made use of in the project “Generation of
functional parts of a component by laser-based free-form heading”. The aim is a
material accumulation that is generated from short duration laser melting. This
material accumulation gives the basis for succeeding cold forming operations. The
first powerful application for the new technology was upsetting. In the macro range,
upset ratios of about 2.3 are achievable, but this is reduced in the micro scale due to
earlier buckling of the components. In the micro scale, where cohesive forces can
exceed the gravitational force, the molten material forms a droplet that remains
adhered to the rod. Thus, upset ratios of up to 500 were reached. The process
development was accompanied by a mathematical model and allows for a deep
insight into the thermodynamics of laser-induced material accumulation in the
micro range.

The laser molten material accumulation could, for example, be further processed
by micro rotary swaging. Though rotary swaging has been known in the macro
range for a long time and is nowadays an intensively used process in the automotive
industry to produce lightweight components from tubular blanks, there are only a
few scientific works that have addressed material characteristics like the work
hardening or residual stress that are linked to the process and machine parameters
and the resulting material flow. Due to micro scale specifics that follow from the
kinematics, i.e. relatively smaller stiffness against part buckling and wider tool gaps
in the opened state, the feed rates achievable cannot compete with high throughput
technologies that produce 500 parts per minute and more. One major aim of the
project “Rotary swaging of micro parts” was to increase the productivity for the
main process variants, namely infeed and plunge rotary swaging. This demanded
also process modeling to understand how parameter variations like friction between
tools and the work in the different zones of the swaging tools affect the process.

From the modeling and simulation, separate process variations were deduced
and investigated. For infeed swaging, a special workpiece clamping allows for
compensation of the pushback force, which results in a 10-fold increase of the
maximum feed rate. For plunge rotary swaging, an approach was tested to close the
tools gaps during opening using elastic intermediate elements that encapsule the
workpiece against the forming dies and enable a 4-fold increase of the radial feed
rate.
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Micro rotary swaging could become a base technology for process chains.
Besides the combination with material accumulation, where the final geometry is
formed by swaging, swaging can also be a preliminary step for subsequent oper-
ations. This was in the focus of the project “Process combination micro rotary
swaging/extrusion”. In general, blanks for extrusion processes are produced by wire
drawing, which provides high velocities, good surfaces and a diameter with close
tolerances. Substitution of wire drawing by rotary swaging gives promising results
in some applications. Whereas rotary swaging cannot compete with respect to
process velocities, it can offer advantages when certain material properties are
needed. In addition, the swaging process can be designed in such a way that the
work surface shows micro lubrication pockets, which is also favorable in later
extrusion processes.

One effect of the downscaling of the forming of micro parts is the relatively
closer tolerances for production. In deep drawing processes, the geometries of the
punch, center deviation of the punch, drawing gap and blank position with respect
to the drawing die all influence the robustness of the process. These interdepen-
dencies are studied in the project “Influence of tool geometry on process stability in
micro metal forming”. In the micro range, friction between the work, punch and
drawing radius plays an important role and leads to variations that limit the usable
process windows. Numerical methods and experimental research allow the detec-
tion of the geometric influences and their individual contribution to the work quality
and process stability.
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2.2 Generation of Functional Parts of a Component
by Laser-Based Free Form Heading

Christine Schattmann*, Mischa Jahn, Alfred Schmidt and Frank Vollertsen

Abstract To overcome the disadvantages like buckling in upsetting processes in
micro range, an alternative two-stage shaping process has been developed. This
two-stage process consists of a master forming and a subsequent forming
step. During master forming, a laser heat source is applied to a workpiece melting
the material. Because of size effects the melt pool, whose size depends on the
radiation time and the radiation strategy, stays connected to the part. After
switching off the laser, the solidifying melt preserves its shape to the so-called
preform. Finally, a subsequent forming stage ensures gaining the desired geometry.
Since the laser melting process is very stable, a constant part quality is reachable
even in linked part manufacturing. Here, cycle rates up to 200 parts per minute
enable an industrial application. The reached microstructure, which is defined by
the solidification process, has good properties for the subsequent forming process.
Thus, a high formability can be achieved.

Keywords Laser � Cold forming � Finite element method (FEM)

Miniaturization is becoming increasingly important for the generation of functional
parts. Due to the decreasing the size and increasing the range of the functions of
many components, new manufacturing processes are necessary to overcome diffi-
culties that arise when processes such as bulk metal forming are transferred from
the macro to micro range. Conventionally, a multi-stage upsetting process with an
increased process complexity and number of cycles with high demands on handling
is necessary to achieve large plastic forming. This results in a time consuming and,
therefore, expensive process. Furthermore, the formability is reduced as the size of
the specimen decreases [Eic10], which is also true for the maximum value of
natural strain which leads to defects in grains [Tsc06]. While the advantages of the
bulk metal forming process upsetting are high output rates with small deviations
[Lan02] and low waste of material [Lan06], the maximum achievable upset ratio is
only about 2.3 in the macro range. Unfortunately, if applied to workpieces in the
micro range, the upset ratio reduces to less than 2 [Meß98]. This happens due to
buckling effects that occur faster because it is based on the shape inaccuracy of the
specimen and of the tool as well as their perpendicularity to each other [Vol13]. To
overcome these issues, a new laser-based upsetting process has been developed
[Vol08].

The new process consists of two stages: the master forming step, generating a
material accumulation; and a subsequent micro cold forming step, in which the
specimen reaches its final geometry. In the master forming process, a laser is used
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to melt a metallic workpiece. Due to the shape balance effect [Vol13], the molten
material tends to form a spherical melt pool and remains connected to the work-
piece for as long as the surface tension exceeds the gravitational force. This
sphere-like shape is conserved even after solidification and the generated material
accumulation is called a preform. The process is limited by the maximum thermal
upset ratio, which is achieved just before the molten material detaches from the
workpiece. In the second process stage, rotary swaging or die forming are used to
form the solidified preform into the desired geometry.

The laser-based free form heading process is applicable for two workpiece
geometries: within or at the end of a thin rod, and on the rim of a thin sheet. The
main investigation areas of the first process stage are the radiation strategy, the
energy balance including the laser melting as well as the solidification of the fluid
melt pool, and the reproducibility. Afterwards, during the second process stage, the
formability, including the yield stress and the natural strain, are significant to reach
the final part geometry. Given that handling of micro parts is challenging [Chu11],
linked-part combinations are required to process the usually high number of micro
parts to different manufacturing machines.

2.2.1 Laser Rod End Melting

The laser rod end melting process consists of two stages. The first step is the
thermal upset process, which generates the material accumulation at the end of the
rod. Here, the energy equilibrium and the solidification influence the reproducibility
and the microstructure of the preform. In the second step, die forming or rotary
swaging leads to the final geometry of the part. With regard to industrial applica-
tions, the manufacturing of linked part production is also implemented.

2.2.1.1 Thermal Upset Process

To avoid the disadvantages of conventional upsetting processes, a preform at a
cylindrical, metallic rod with diameter d0 � 1:0 mm can be generated by laser rod
end melting. This alternative process, which is shown in Fig. 2.1, is based on
applying a laser heat source to the end of the rod, thereby melting the material. The
size of the melt pool depends on the amount of energy absorbed by the workpiece,
and can be controlled by adjusting the laser beam power and pulse duration. Due to
the surface tension, the melt forms spherically to minimize its surface area. By
melting the material, the length of the stationary rod reduces and the spherical melt
pool, which stays connected to the rod, moves upwards during the process. Thus,
the thermal upset ratio given by u ¼ l0

d0
increases, where l0 denotes the molten length

and d0 the rod diameter. The thermal upset ratio is limited by the volume of the melt
by which the gravity force exceeds the surface tension causing the melt to drip off
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the rod. With decreasing d0 it is possible to achieve high upset ratios u � 100; for
example, u � 500 for d0 ¼ 0:2 mm [Ste11]. Thus, the mechanical upset ratio of
less than 2 in micro range can be significantly exceeded by the thermal upset ratio
of the new process.

To avoid oxidation during the process, a shielding gas atmosphere with Argon is
created. After switching off the laser heat source, the melt solidifies rapidly.
Therein, the cooling rate has a significant effect on the microstructure and, thus, on
the formability of the generated preforms. The final geometry of the part is reached
during the subsequent forming process, such as rotary swaging or die forming. In
this regards, good reproducibility, high geometrical accuracies, and small reject
rates show the advantages for industrial applications in the micro range.

2.2.1.2 Process Stages and Radiation Strategy

The master forming process can be subdivided into three process stages: the radi-
ation stage, an intermediate or dead phase, and the cooling stage. To melt the
material during the radiation stage, two strategies are possible for the generation of
preforms at a rod: coaxial rod end melting and lateral rod end melting. The idea of
the coaxial approach is to orientate the rod and the laser heat source coaxially to
each other and keep both stationary [Vol08]. In the initial setup of this process
design, the rod is positioned in the focus plane of the laser, which is pointing to its
head surface, see Fig. 2.2a. In contrast, the lateral process design is based on
positioning the laser laterally to the rod and deflecting it along the material using a
laser scanner [Brü15a], cf. Fig. 2.2b. Both strategies have advantages, as will be
described in the following sections. After switching off the laser, the melting
process continues due to the surplus energy that is already added to the rod. This
process stage is called the intermediate or dead phase and its duration depends on
the amount of energy overheating the melt. When all of the remaining energy is
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Fig. 2.1 Upsetting a multi-stage process conventional upsetting, b alternative process laser-based
free form heading with only two process stages [Brü16b]
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consumed, the solidification process starts, which essentially determines the
formability of the produced specimen.

2.2.1.3 Modeling and Simulation of the Master Process

Due to its importance for the subsequent forming step and the final result, a detailed
analysis of the master forming process and the quantification of the impact of the
process parameters on the generated preform is required. Basically, the master
forming process and occurring effects can be described by analytical models and
result from the similarity theory [Brü12a]. However, a full continuum mechanical
model and a accurate corresponding finite element method (FEM) is needed to
perform the required throughout process analysis. The modeling and simulation
framework can then also be used to find suitable parameter ranges.

From a mathematical point of view, the process can be modeled by coupling the
two-phase Stefan problem [Ell81] and the incompressible Navier-Stokes equations
with a free capillary surface [Bän01]. Within the thermal problem, laser heating,
thermal conduction in the melt and the bulk, cooling described by the
Stefan-Boltzmann law, and also the forced convection caused by shielding gas have
to be considered to capture all of the relevant effects. The dynamics in the melt are
dominated by the movement of the solid-liquid interface and the thermal advection.
The resulting partial differential equation (PDE) system is coupled and non-linear
[Bän13].

Several finite element approaches have been developed to numerically simulate
the process, which are suited to take into account the different radiation strategies in
a computationally efficient way. A 2D rotational symmetric approach is used to
simulate the process based on a coaxial process design [Jah12a]. Therein, an
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Fig. 2.2 Radiation strategy: a coaxial orientated laser beam, b lateral orientated laser beam
[Brü16b]
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arbitrary Lagrangian-Eulerian method (ALE) [Bän13] is coupled with an approach
based on considering the enthalpy in the workpiece. The throughout analysis of the
numerical method is given in [Lut18]. Other than the coaxial process, the lateral
process design requires a full 3D simulation [Jah12a]. As a result of the findings in
[Lut18], an approach merely based on an enthalpy method was implemented
[Jah14b]. To analyze the cooling process and take into account the interaction of
melt and shielding gas, the extended finite element method (XFEM) can be used.
This method belongs to the class of unfitted approaches and it allows us to decouple
the physical domain from the discretization by extending the approximation space.
This has the advantage that it allows for a more precise simulation because not only
the workpiece but also its surroundings can be considered. In contrast, conventional
finite element approaches are based on representing the physical domain by the
computational mesh and, therefore, can only consider the impact of the workpiece
surrounding via boundary conditions.

After having been validated by comparing the numerical results to the experi-
mental data, such as in regards to the shape of the preform [Jah12], the solidification
process [Jah14b], and the energy balance with respect to the self-alignment capa-
bility of the process [Jah12a], the finite element simulations are used for parameter
identification and for further process analysis.

2.2.1.4 Energy Impact and Heat Dissipation Mechanisms

As previously mentioned, the results of the master forming step are primarily
dependent on the amount of energy available for the melting process [Brü12b]. This
energy depends not only on the total amount of energy E ¼ PLtL applied to the
workpiece but also on the composition of the energy, meaning the choice of the
laser power PL, and the radiation time tL to generate a certain energy E. This
happens because the laser power has a significant influence on the absorption rate
and the heat dissipation mechanisms. In addition, the divergence of the laser beam
has to be taken into account. All these aspects are highly dependent on the radiation
strategy and the chosen process parameters.

For laser-based processes, the absorption rate is typically given by the Fresnel
equations. For the process at hand, the absorption rate is then approximately 0.38
[Wal09]. However, by significantly increasing the laser beam power PL, and thus its
intensity, a vapor capillary can be created in the melt pool. In this capillary, which
is called keyhole, laser rays are reflected multiple times, which leads to abnormal
absorption and results in an increasing absorption rate of up to 0.80 (see e.g.
[Hüg09]).

A first approximation of the amount of energy ES needed to generate a preform
of volume VS can be derived using an adiabatic model consisting of a linear relation
of absorbed energy and preform volume [Vol08]. However, since this model
neglects the fact that energy is permanently dissipated by radiation and convection
and, moreover, transported into the non-melting part of the rod by conduction, it
only provides a rough estimate. Finite element approaches are used for a precise
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analysis of the process and the prediction of the impact of different radiation
strategies or process parameters on the results.

The heat fluxes for the coaxial and lateral radiation strategy are compared by
using the process parameters specified in Table 2.1. The corresponding heat fluxes,
which are the absorbed laser energy and cooling caused by the Stefan-Boltzmann
law and convection, are and visualized in Fig. 2.3. Therein, one can see that the
energy available for the process in both situations differs significantly and, there-
fore, causes different preform volumes. The main reason for this is that in the
coaxial design, the laser heat source always affects the molten part of the rod so that
the energy has to be transported through it to melt more material. Thus, the overall
temperature of the melt rises permanently, thereby causing more heat dissipation so
that the efficiency of the process with respect to the applied energy decreases.
Moreover, the divergence of the laser beam has a high impact on the result when
using the coaxial radiation strategy. While the rod is initially positioned in the focal
plane of a defocussed laser beam that is pointing to its head surface, the melting
process shortens the rod. Consequently, the melt leaves the laser’s focus plane and
the defocussing of the laser beam causes a significant drop of the absorption rate. In
contrast, the deflection of the laser beam by a scanner in the lateral process design
can guarantee that the laser energy is always applied to the rod near the solid-liquid
interface. Furthermore, defocussing is no longer an issue since the lateral scanner
position keeps the focus on the rod surface. For the lateral process design, optimal
deflection velocities can be determined which depend on the rod diameter [Brü14b].
The results, visualized in Fig. 2.4, show that this velocity is proportional to the laser
power and anti-proportional to the square of the rod diameter.

Besides the radiation strategy and the laser beam intensity, a closer look at the
process analysis reveals that small changes of the terms of the energy losses can
already lead to different results. This happens because of the heat dissipation
mechanisms, which depend, partly in a highly non-linear way, on the difference of
ambient temperature and the temperature of the preform. In [Jah14], a throughout
study quantifying heat dissipation mechanisms for laser based rod end melting is
given. Therein, it has been shown that energy is primary dissipated during the
radiation stage by the cooling due to the Stefan-Boltzmann law while heat con-
duction and convection have only a small impact. Because the cooling due to the
Stefan-Boltzmann law involves the difference T4 � T4

a , with T denoting the tem-
perature at the surface and Ta is the ambient temperature, using a high laser power
usually results in higher temperatures, which causes more dissipation of energy.

Table 2.1 Process
parameters for preform
generation

Rod diameter 0.40 mm

Laser power 130 W

Pulse duration 100 ms

Absorption coefficient 0.38

Shielding gas Argon

Deflection velocity 30 mm/s
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2.2.1.5 Solidification and Microstructure

After switching off the laser, the cooling process starts. This process stage, con-
sisting of the dead phase after switching off the laser and the subsequent solidifi-
cation process, is crucial for the industrial application of this process. One reason
for this is that its duration is the dominating factor of the total process time
[Brü13c]. Hence, decreasing the cooling time is mandatory to upscale the process
and rapidly generate a high number of preforms. Furthermore, this process stage
also defines the microstructure of the preform and, therefore, its formability.

Unfortunately, the duration of the cooling process cannot be considered inde-
pendently from the radiation stage because it highly depends on the temperature
distribution in the melt. In particular, the duration intermediate stage after switching
off the laser can be controlled by choosing adapted process parameters. Suitable
process values can be determined by combining the finite element simulation with
the concept optimization via simulation [Wan07].

In contrast to the melting process, where most energy is dissipated by radiation,
the cooling process is governed by convection. Consequently, it can be primarily

(a) Energy fluxes using coaxial radiation. (b) Energy fluxes using lateral radiation.

Fig. 2.3 Comparison of energy fluxes for the coaxial and lateral radiation strategy
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controlled by changing the shielding gas atmosphere. The duration of the cooling
and solidification process has been quantified in [Brü13a], where it has been shown
that the cooling time is highly dependent on the diameter of the preform.

The cooling process affects the generated microstructure of the preform, which
essentially depends on the temperature gradient at the solid-liquid interface and its
velocity [Kur98]. In general, a high interface velocity and a rather small gradient is
desirable because it leads to a globular microstructure. A rough estimate of the
microstructure can be obtained by an analytical model [Brü16b]: assuming a
constant heat dissipation due to radiation and convection, the dependency of the
secondary dendrite arm spacing SD on rod diameter d0 and the preform diameter
dPF is given by Eq. (2.1)

SD ¼ 5:5 � B1
3 �

1
p qVPFHM

_qHC
d20
4 þ erS d2PF � d20

4

� �
T4
m � T41

� �þ a d2PF � d20
4

� �
Tm � T1ð Þ

2
4

3
5

1
3

ð2:1Þ

with the solidification and material specific constant B and the solidification time,
described by the density of the material q, the volume of the preform VPF and the
melting enthalpy HM in the numerator and the different heat flows in the denom-
inator. Here, the heat conduction _qHC, the emissivity e, the Stefan-Boltzmann
constant rS, the melting temperature Tm, and the ambient temperature T1 are
substituted in the calculation. The model for the expected solidification interval and
the secondary dendrite arm spacing shows good agreement with the experiments for
smaller solidification intervals, as shown in Fig. 2.5 [Brü16b].
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2.2.1.6 Reproducibility

The laser rod end melting process is very stable with respect to small deviations in
the process design and choice of process parameters. For example, the coaxial
process has a self-aligning capability which means that the generated preform
volume is independent of deviations in rod diameter as long as the pulse energy and
the radiation time are scaled accordingly to results from the theory of similarity
[Brü12a]. In principle, the coaxial design is prone for a decreasing energy efficiency
due to defocussing because of the static position of the focus plane in this design.
Therefore, less melting volume can be gained for increasing thermal upset ratios,
because the rod shortening increases the distance between focus plane and melt
surface, see [Brü15a]. However, this issue can be resolved using a feeding system
for the rod. Then, the rod is continuously kept within the focus plane of the laser
and, as a result, the thermal upset ratio can be increased to a maximum of u � 500
[Ste11b]. This means that the energy efficiency is doubled [Ste11a]. Despite this
improvement, there are still deviations in the thermal upset ratio compared to the
lateral radiation strategy. While the fluctuations of specific melting volume are
lower for coaxial radiation, the absolute volume in the lateral process design is still
generally higher, making this radiation strategy more energy efficient [Brü15a]. The
reasons for this are the different effects of the heat dissipation mechanisms, which
were previously described.

With regard to the positioning of the laser beam onto the rod in the lateral
process design, Brüning showed in [Brü13e] that positioning deviations up to
100 lm in vertical direction do not essentially affect the resulting preform diameter.
Moreover, if the total axial and radial positioning is considered, then the deviations
need to be significant less than 100 lm, thus a good initial situation for the sub-
sequent forming process is reached.

As described, the absolute preform volume is proportional to the applied pulse
energy [Brü12b]. Differences between the theoretical melting volume and the final
volume of the preform can be explained by material losses during the laser process.
Especially during the abnormal absorption, vaporization caused by keyhole for-
mation can take place introducing high dynamics into the process. This dynamic
can result in spatter formation and, hence, in material losses. Using the lateral
radiation strategy, relative mass losses between 0.5 and 2.6% related to the thermal
upset ratio and the rod diameter can be measured [Brü16b]. The volume of the
preform correlates with the diameter of the solidified preform. Using the coaxial
radiation strategy, an increase of preform diameter leads to decreasing eccentricity
with a decreasing standard deviation. If the lateral radiation strategy is considered,
then the eccentricity, see Fig. 2.6, is lower in a range of 40–60 lm but with a slight
fluctuation and a standard deviation of about 10 lm as stated in [Brü16a].
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2.2.1.7 Formability

The preforms achieve their final geometry during the subsequent forming process.
Therefore, the yield stress, the natural strain, and the form filling behavior are of
interest. In [Brü13c], it is shown that for preforms with diameters between 1.1 and
2.1 mm, it is possible to reach a maximum average logarithmic natural strain up to
1.7 without damaging the forming tool. Further investigations based on simulations
of the forming process show that the influence of the friction coefficient on average
natural strain can be neglected [Brü14c]. Here, the distribution of natural strain is
inhomogeneous, primarily because the center of the preform interacts with the tool
and, thus, increases the centered natural strain. Experiments show that a preform
with an initial diameter of 420 m having a dendritic grain structure results in a
convex formed specimen with a height of 27 m, even though the surfaces of the
open die tool have been planar, as shown in Fig. 2.7. This investigation leads to a
maximum averaged natural strain of 2.75 without any occurring defects. Further
forming resulted in a plastic deformation of the tools due to strain hardening of the
specimen.

The yield stress level increases linearly with the increasing absolute value of
average natural strain. Furthermore, a higher secondary dendrite arm spacing leads

(a) Coaxial radiation. (b) Lateral radiation.

Fig. 2.6 Comparison of
simulation results for the laser
rod end melting process with
coaxial and lateral radiation
strategy

BIAS ID 180674Schattmann 2018

100 μm

experiment simulation

Fig. 2.7 Part after open die forming (simulation of averaged logarithmic natural strain: blue 0, red
−2.5; the model consists of rigid surfaces)
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to a decreasing yield stress level, see [Brü14a]. Further yield curves arose using an
universal testing machine [Vol13]. Here, the yield strength of the preforms that is
investigated by upsetting experiments of cylinders is comparable to that of the same
material and size with different microstructure [Brü13d]. However, the forming
behavior changed with the different microstructure, such that the final geometry
after open die forming is different. Within the experiments using globular
microstructure inside the cylinder, only barreling occurs. Using the dendritic
microstructure of the preform, barreling occurs also, but the size of the front surface
is increasingly in homogeneously, as shown in Fig. 2.8 [Brü16b].

During master forming, the eccentricity of the preform with respect to the rod is
defined. During the experiments, deviations up to 100 lm depending on the rod
diameter can arise. However, the subsequent forming stage also includes a natural
calibration step, which reduces the eccentricity to less than 30 lm and which is
assumed to be related to the deviation of the coaxial alignment between the upper
and the lower die. Furthermore, if an oversized volume of preform is used, then the
forming process can be successful without any burr formation. This is possible
because the material flows not only inside the cavity but also in direction of the rod.
Thus, preform volumes of up to 125% of the die volume can fill the cavity com-
pletely without any burr, see [Brü15b].

Finally, it is possible to mold fine surface structures after the forming stage, such
as the surface roughness of the die, see [Brü14a], down to feature sizes of 500 nm
which is investigated in [Brü15c]. In Fig. 2.9 the different geometries of truncated
cone formed parts are shown. Here, the average of natural strain of the manufac-
tured parts is well recognizable.

2.2.1.8 Linked Part Production

Given that the handling of the micro parts is always challenging, different linked
part systems are investigated to improve the possibilities for mass production and

BIAS ID 180675Brüning 2015
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Fig. 2.8 Upsetting of cylinders in micro range with different microstructure depending on average
natural strain /, [Brü16b]

40 B. Kuhfuss et al.



upscaled output rates during manufacturing process. This includes line-linked parts
and comb-linked parts.

For line-linked parts, the thermal upsetting process is performed using a con-
tinuous rod, see Fig. 2.10a. The stationary laser process takes place in the middle of
a rod. Further rod material is fed into the process zone, so that a material accu-
mulation and thereby the preform arises. A variation of feeding times and laser
power result in different preform geometries, which can be formed from round to
flat [Sch17b]. Investigations show that the energy efficiency and the cycle time can
be improved so that more than 222 parts can be generated per minute [Sch17d].

Because the geometry of the preform is changed slightly due to the surface
tension, the comb-linked strategy can be an alternative. In Fig. 2.10b it is shown
that the workpiece rod is connected to a conveyor rod. After cutting the workpiece
rod, the preform can be generated as usual [Brü13b]. This comb-linked strategy was
tested for wire diameters from 0.2 up to 0.5 mm. Depending on the preform
diameter, the solidification time varies. Thus, the dead time between laser process
and feeding process should be adjusted, see [Jah13].

This linked strategy can be extended by placing the workpiece rods on a carrier
plate [Sch17a], as shown in Fig. 2.10c. This opens new possibilities of applications,

BIAS ID 150355

(a) (b) (c)

1mm

Brüning 2015

Fig. 2.9 Part after closed die forming using different averages of natural strain [Brü16b]

BIAS ID 180676Schattmann 2018

(a) (b) (c)

Fig. 2.10 Linked-part production: a line-linked, b comb-linked, and c plate-linked
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thus a metallic detachable connection can be introduced. Here, a shear stress of
69 N/cm2 can be transmitted by a metallic hook-and-loop fastener [Brü14c].

2.2.2 Laser Rim Melting

The laser melting process can also be applied to the rim of metal sheets. Using the
lateral process design, a laser beam is deflected with a defined machining depth
along the rim of a thin metal sheet [Woi15], as shown in Fig. 2.11. The material
starts melting and a molten drop arises which stays connected to the sheet because
of surface tension. By deflecting the laser beam along the rim, more material is
molten and the melt pool moves along the rim. Due to the physical dimensions of
the workpiece, the rear part of the melt solidifies rapidly so that the melt pool
always has a specific length which depends on the process parameters and the
thickness of the sheet. In general, the process can be used to generate continuous
cylindrical preforms and, thus, preforms with irregularities at sheet rims (see
Fig. 2.12b) are avoided (see Fig. 2.12a).

In [Brü17], the influence of the melt pool dimensions on the continuous gen-
eration of cylindrical preforms was investigated. Here, a length-to-height ratio of
3:0� 0:4 of the melt pool was achieved for a blank thickness of 0.2 mm.
Furthermore, an analytical model taking into account the surface area of the melt
pool not only supports this result but is also able to predict the maximum allowable
melt pool length to gain a continuous cylindrical melt pool. Otherwise, instabilities
occur, which are comparable to the humping effect during laser welding. In
Fig. 2.13, it is apparent that the local frequency of periodical maxima in a con-
tinuous preform is influenced linearly by the laser power and by the deflection
velocity for sheet thicknesses of 25 up to 100 µm. Here, a high accordance to the
results of humping during laser welding by Neumann [Neu12] is viewable. This
happens despite the fact that Neumann conducted experiments with a laser power in

BIAS ID180677Schattmann 2018

machining depth
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Fig. 2.11 Process laser rim melting including simulated heat distribution
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the range of some kW and much higher travel speed than used in the current rim
melting experiments.

The process can also be applied to closed rims, such as voids in metal sheets.
Using the results obtained for the generation of continuous cylindrical preforms, it
is for example possible to generate a preform with a height of 0.4 mm at a void of a
metal sheet with a thickness of 200 lm, cf. Fig. 2.14a for the simulation result.
Thus, it is possible to cut a thread of M2 inside [Sch17c]. Figure 2.14b shows the
corresponding scanning electron microscope (SEM) image of one thread with a
thickness of 400 lm.

BIAS ID 180678Schattmann 2018

(a) (b)

Fig. 2.12 Continuous preform on a metal sheet with a thickness of 70 lm: a cylindrical,
b irregular [Sch17c]
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The wide range of possibilities for the laser-based free form heading process is
appreciated, which is expanded from the rod to the metal sheet, so that more new
applications can be exploited and industrial integration can be expected.

BIAS ID 180679Schattmann 2018

500 µm

(a) source: ZeTeM (b)

500 µm

Fig. 2.14 Laser rim melting at void: a Simulation, b a M2 thread is cut into a continuous
cylindrical preform [Sch17c]
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2.3 Rotary Swaging of Micro Parts

Eric Moumi*, Christian Schenck, Marius Herrmann and Bernd Kuhfuss

Abstract The incremental forming process of micro rotary swaging can be divided
into two process variations. During infeed rotary swaging the diameter of a
workpiece is reduced over the entire feed length of the workpiece. However, during
plunge rotary swaging the diameter is reduced within a limited section by radially
feeding the dies. Both variations feature limited productivity due to their incre-
mental nature. An approach to increase the productivity is by increasing the feed
rate. However, due to the fixed kinematics, a higher feed rate results in a larger
volume of deformed material per stroke, which could lead to failures particularly
due to inappropriate material flow. In infeed rotary swaging at a high feed rate, the
flow of the workpiece material against the feed direction can result in bending or
breaking of the workpiece. In both infeed and plunge rotary swaging, the workpiece
material can flow radially into the gap between the dies and provoke the formation
of flashes on the workpiece. For plunge rotary swaging the radial flow is also a
motion against the feed direction. Measures to control both the radial and the axial
material flow to enable high productivity micro rotary swaging are presented. An
adjusted clamping device enables an increase of the productivity by a factor of four
due to a reduction of the axial forces generated by the undesired axial material flow
in infeed rotary swaging. The radial material flow during plunge rotary swaging can
be controlled by intermediate elements. Thus, an increase of productivity by a
factor of three is possible. Furthermore, the geometry after plunge rotary swaging is
strongly influenced by the workpiece clamping and fixation, and the material flow
can be controlled by applying low axial forces to the workpiece on one or both sides
of the forming zone.

Keywords Forming � Productivity � Quality

2.3.1 Introduction

Micro rotary swaging is an incremental open die forming process to reduce the
cross-section of axisymmetric workpieces. Concentrically arranged dies are oscil-
lating with a given stroke frequency fst and a stroke height hT. The dies strike
simultaneously on the workpiece to deform it gradually from the initial diameter d0
to the final diameter d1 [Kuh13]. The main components as well as the kinematics
(white arrows) are presented in a front view of a rotary swaging machine in
Fig. 2.15.

The nominal diameter dnom is defined as the inside diameter of the forming zone
of a closed die set. The two main variants of the process are infeed rotary swaging
and plunge rotary swaging. During infeed rotary swaging the workpiece is axially
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fed with the feed rate vf into the swaging unit and is reduced over a length l0 (see
Fig. 2.16a). However, during plunge rotary swaging the workpiece is processed
locally as the dies are fed radially with a feed rate vr while oscillating (see
Fig. 2.16b).

Besides the presented developments in micro rotary swaging, investigations on
rotary swaging by other authors were made in the macro range and focus on the
workpiece properties after forming and on new applications for the process. For
example, Alkhazraji et al. found that both tensile and fatigue strength are enhanced
in workpieces with ultra-fine grains made by rotary swaging [Alk15]. The process
was also analyzed for joining tubes [Zha14] or for plating axisymmetric metallic
parts [Sch16].

die

base jaw

cylinder roller

outer ring

roller cage

hT

oscillation 
with fst

rotation

Fig. 2.15 Front view of a rotary swaging machine without end cover

Fig. 2.16 Rotary swaging variants: a infeed; b plunge [Mou18b]
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With regard to high productivity in the micro range, infeed rotary swaging can
already facilitate several hundred parts per minute by a continuous process, for
example as a preliminary stage for extrusion [Ish18]. But there is still potential for
further productivity increases. Plunge rotary swaging enables the manufacturing of
variable types of geometries. However, the productivity is considerably low
[Kuh09a], due to the low feed rates vr used to prevent an undesired flow of the
workpiece material into the gaps between the dies. Still, for both process variants,
high productivity can be achieved by controlling the material flow and the posi-
tioning of the workpiece.

The degree of incremental deformation ust is a common value in rotary swaging
to describe and quantify the deformation. It is defined by the initial diameter d0 and
the effective feed per stroke of the die hst (Eq. 2.2). For infeed rotary swaging hst
equals the axial workpiece feed per stroke lst, which itself depends on the die angle
a and on the ratio of the workpiece feed rate vf, over the stroke frequency fst
(Eq. 2.3). For plunge rotary swaging, hst depends on the ratio of the feed rate of the
dies vr over the stroke frequency fst Eq. 2.4.

ust ¼ ln
d0 � 2hst

d0

� �2

ð2:2Þ

hst infeed ¼ lst tan a ¼ vf
fst
tan a ð2:3Þ

hst plunge ¼ vr
fst

ð2:4Þ

The previous equations show that the degree of incremental deformation ust

does not consider the final diameter d1. However, this parameter is involved in the
volume per stroke Vst, which represents the material volume formed by the dies at
each stroke. For an idealized forming, Vst for infeed rotary swaging can be deter-
mined with Eq. 2.5 and for plunge rotary swaging with Eq. 2.6. For plunge rotary
swaging the deformed volume of the workpiece is assumed to have a cylindrical
shape. In Eq. 2.6 k stands for k-th incremental step.

Vst infeed ¼ plst
d20
4
� d21

4

� �
ð2:5Þ

Vst plunge kð Þ ¼ lform
p
4

d0 � khstð Þ2� d0 � kþ 1ð Þhstð Þ2
h i

ð2:6Þ

In order to improve the micro rotary swaging process, it is necessary to
understand and control the material flow. Three methods to improve the rotary
swaging in the micro range based on the material flow control are presented. In
infeed swaging a higher axial feed rate is enabled by using an adjusted workpiece
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clamping [Mou18a]. In plunge rotary swaging the application of an elastic tube
prevents flash formation [Mou15b, Mou15b] and with the application of external
axial forces the part geometry can be controlled [Mou18b].

2.3.2 Process Limitations and Measures for Their
Extension

During micro rotary swaging different limitations to the process occur [Kuh08a].
Furthermore, process parameters like the workpiece material, the die geometry, and
the tribological conditions influence these limitations.

Typical limitations of the process can be divided into two categories (see
Fig. 2.17). The limitations in the first category lead to a termination of the process.
These are bending, torsion or breaking of the workpiece. The limitations in the
second category are those that affect the workpiece quality. Examples are flashes,
high surface roughness [Wil13] and shape deviation [Kuh09b]. A guiding element
with a hole slightly larger than d1 for the workpiece at the inlet in the swaging head
is used to prevent premature limitations due, for example, to vibrations occurring in
the process [Wil15]. Furthermore, the use of a guiding element, which is necessary
and specific for the micro range, reduces the risk of the workpiece getting into the
tool gap during the process and thus enables the application of higher strokes.

During rotary swaging material flow takes place predominantly in the axial and
radial directions. The axial material flow occurs in both the positive and negative
directions. Higher material flow against the axial feed direction induces an axial
load that bends the workpiece when the critical bending load Fb,crit. is reached. This

Fig. 2.17 Limitations of micro rotary swaging
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is a specific problem in micro rotary swaging due to the low stiffness of the slim
workpieces. The application of a guiding channel for the workpiece minimizes the
risk of bending.

Depending on the workpiece material and the diameter reduction, different
maximal feed rates can be applied. Infeed rotary swaging experiments with three
materials (AISI 304 steel, Cu-ETP, Al99.5) were carried out and the maximum feed
rate with which 5 samples could be processed without process failure was deter-
mined. Workpieces with an initial diameter d0 = 1.0 mm and a length of 110 mm
were reduced by different tool sets with nominal diameters of 0.3, 0.4 and 0.5
[Kuh08b].

Forming was possible within a larger window of feed rate and thus higher Vst for
materials with higher Young’s modulus (see Fig. 2.18). Forming with feed rates
above the boundary (lines) for the specific material will lead to failure on the
workpiece. From the failures in Fig. 2.17, predominantly bending and torsion occur
in infeed rotary swaging.

The tribological conditions and the workpiece material influence the material
flow. Especially in micro rotary swaging, due to the slim workpieces, the surface-
to-volume ratio is very high, whereby the tribological conditions have a strong
influence. During infeed rotary swaging of workpieces from alloy 304 and from
Al99.5 with and without lubrication of the workpiece, opposite behaviors of the
achievable feed rate are observed [Kuh12b]. While under the dry condition (without
lubrication) lower axial feed rates than with lubricant can be achieved for alloy 304,
the forming of Al99.5 at higher true strain becomes possible without lubricant. In
some cases, Al99.5 rods can be formed only without lubricant, i.e. a reduction from
d0 = 1.5 mm to d1 = 0.5 mm and even to 0.4 mm.

However, during forming of aluminum without lubricant, adhesive wear can
occur on the tools due to the affinity between the workpiece and tool material. By
using tools with amorphous diamond-like carbon coatings, adhesive wear can be
avoided and the tool life considerably increased. The tools were coated using
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Fig. 2.18 Range of feed rates
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magnetron sputtering. Pin-on-disk tests have shown that such coating results in a
considerable reduction of friction and wear against aluminum.

For high volume per stroke Vst, inadequate material flow in the radial direction
can lead to flashes on the workpiece. Because the material cannot flow completely
in the axial direction, the generated surplus flows against the direction of the closing
motion of the dies, which means into the gaps between the dies. This can be
observed both in infeed rotary swaging and in plunge rotary swaging. Furthermore,
the inadequate material flow can cause inaccurate geometries (incomplete filling of
cavities or asymmetry) or destroy the workpiece irreversibly.

2.3.3 Material Flow Control

2.3.3.1 High Productivity in Infeed Swaging

In order to control the material flow against the axial feed direction and thus prevent
process limitations like bending or even breaking, a spring-loaded clamping device
for the workpiece was developed [Mou18a]. The clamping device allows an axial
evasion of the workpiece. With a rotation lock, free rotation of the workpiece can
also be prevented. Thus, the device enables the axial feed rate in infeed micro rotary
swaging to be increased by more than four times compared to a fixed clamping.
Feed rates higher than vf = 100 mm/s were achieved. Particularly, incremental feed
length lst higher than the final diameter d1 could be fed into the swaging unit, which
is only realizable in the micro dimensions. However, the increased deformation per
stroke due to higher feed rates leads to a higher forming, and so to high loads in the
swaging head. The load leads to an elastic deformation of the outer ring and
therefore causes a diameter profile.
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Figure 2.19 shows the final diameters after a reduction of rods from AISI 304
steel with an initial diameter of d0 = 1.0 mm using a die set with a nominal
diameter of dnom = 0.75 mm and a calibration zone of lcal = 20 mm. For low feed
rates (vf < 4 mm/s), d1 is constant over the workpiece length and close to dnom
[Mou18a]. At high feed rates, however, the diameter evolves over the workpiece
axis z’. The final diameter d1 increases with the feed rate and becomes inhomo-
geneous. An increase of d1 from the tip towards d0 can be noticed. The region with
the inhomogeneity is many times larger than the calibration zone of the dies.
Similar findings are also found for infeed rotary swaging of bars in the macro range,
but the inhomogeneous part is much shorter.

Haug explained the conical geometry of the tip of the workpiece with the
stiffness behavior of the swaging head and especially for high feed rates with a
material flow in the die gaps (flashes) [Hau96]. However, in the presented exper-
iments in the micro range no flashes occurred. Haug reduced the length of the cone
by increasing the preloading of the dies [Hau96].

In micro rotary swaging the evolution of the final diameter for high feed rates
can be influenced by an in-process adjustment of the radial position of the dies (see
Fig. 2.20). A combined axial workpiece feed and a radial die feed with constant
feed rates of vr = 0.008 mm/s and vf = 20 mm/s resulted in a more homogeneous
diameter evolution.

The stiffness of the swaging head plays a key role in the diameter evolution in
the micro range and it is therefore necessary to analyze it during the process. This
can be done by monitoring either the elastic deformation of the outer ring of the
machine with strain gages [Kuh11] or by monitoring the die closing with a
high-speed camera. With the strain gauge measurements, an increase of the elastic
deformation of the swaging head with the feed rate of vf � 2 mm/s is observed.
For lower feed rates, the deformation remains constant as in the idle state before
forming. An explanation is the increase of the deformed volume per stroke Vst with
the feed rate. As a consequence, the outer ring of the swaging head expands more
and the dies do not close completely, as can be seen in Fig. 2.21b compared with

Fig. 2.20 Uncompensated
diameter evolution and
compensated with
vf = 20 mm/s,
vr = 0.008 mm/s Material:
AISI 304 steel d0 = 1 mm
dnom = 0.75 mm
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the idle state in Fig. 2.21a. Due to the incomplete closing of the dies, the final
diameter of the workpiece increases.

A rough approximation of the gap between the dies at vf = 20 mm/s leads to a
gap width of 55 µm and about 94 µm at 50 mm/s. The two gaps are larger than the
corresponding maximal difference between the final diameter d1 and the die
diameter dnom (50 µm at vf = 20 mm/ and 75 µm at vf = 50 mm/s) (see Fig. 2.19).
Although a discrepancy exists between the final diameter and the approximated gap
width, which can be attributed to difficult accessibility and the measurement con-
ditions, the determined values point nevertheless to a correlation between both.

At high velocities the incremental volume increases. This has an impact not only
on the diameter evolution of the workpiece but also on the surface quality and the
roundness. However, for velocities up to 50 mm/s these workpiece properties
remain almost constant, as can be seen in Fig. 2.22 for the surface roughness. The
mean value of the roughness in that velocity range is 2 ± 0.6 µm. The roughness of
the small parts is determined from a cross-section of the workpiece. Using the Total

Fig. 2.21 High-speed camera images of the dies: a in the idle state; b during forming of an AISI
304 steel with vf = 20 mm/s
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Least Square Fits method, the roughness can be calculated from the extracted
contour data.

2.3.3.2 High Productivity in Plunge Rotary Swaging

The main process limitation during plunge rotary swaging is the formation of
flashes. Thus, to enable high radial feed rates, the radial material flow needs to be
controlled. A new concept was developed to prevent the material from flowing
radially into the gaps between the dies by the use of intermediate elements (IE). The
IEs could be made of super-elastic metallic or polymeric substances (see Fig. 2.23).
However, the elastic behavior of the currently available super-elastic metallic
materials is still too low to allow high deformation as in rotary swaging. The use of
elastomers in metal forming was summarized in [Thi93], and in [Chu14] a com-
parable approach for micro patterning was investigated.

Copper rods from Cu-ETP with d0 = 1.5 mm were reduced using dies with
dnom = 0.98 mm. The stroke was hT = 0.3 mm and different radial feed rates vr
were used. Furthermore, different IEs made of thermoplastic polyurethane with
three different hardness grades were tested (low hardness = ILH; middle
hardness = IMH and high hardness = IHH) [Mou18a]. For the reduction without
IE, a maximum radial feed rate of vr = 0.34 mm/s could be applied before flashes
or breaks occurred. The IEs with high hardness enabled an increase of the feed rate
up to about 300% (see Fig. 2.24a). The different IEs resulted in different final
diameters: for harder IE the diameter increased due to the higher extensions of the
outer ring of the swaging head. The extension was provoked by the IE that flowed
into the gaps and blocked the closing of the dies. This resulted in an increase of the
workpiece’s final diameter. The tested IEs were not reusable (see Fig. 2.24b).

Fig. 2.23 Formation of flashes during rotary swaging: a workpiece with flashes; b inserted elastic
intermediate elements
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The surface roughness Sa and the corresponding standard deviation of the
produced parts are higher than in the initial rods (Fig. 2.25). However, the increase
of the productivity through the IEs does not affect Sa negatively.

2.3.3.3 Application of External Axial Forces in Plunge Rotary Swaging

Controlling the axial workpiece displacement in plunge rotary swaging influences
the formation of the final geometry and the axial elongation of the workpiece.
A practical way to control the material flow is by applying external axial forces Fa
on the workpiece during the forming. These forces are in the order of a few Newton
in contrast to the radial forming forces, which are in the range of kN.
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Fig. 2.24 Plunge rotary swaging with elastic intermediate elements: a maximal radial feed rate for
different intermediate elements; b workpiece with intermediate elements after forming
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Forming experiments were conducted with alloy 304 with d0 = 1.5 mm and a
reduction by Dd = 0.3 mm by otherwise constant swaging parameters. Four dif-
ferent configurations without (A) and with external forces (B, C and D) were used
with the setup illustrated in Fig. 2.26. In configuration B a compressive force was
applied in the front, in configuration C a tensile force was applied in the front and in
configuration D tensile forces were applied equally in the front and at the back of
the rotary swaging machine [Mou18b]. The arrows in Fig. 2.26 represent the tensile
forces in configuration D.

The geometry of the parts was investigated after forming. Symmetrical
geometries were generated only when the same axial tensile forces were applied on
both ends of the workpiece (see Fig. 2.27). Due to the freely moving workpiece in

Fig. 2.26 Setup for micro rotary swaging with external axial forces
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Fig. 2.27 Workpiece geometry after plunge rotary swaging without and with external forces Fa:
a no Fa; b compression force on one side; c tension force on one side; d tension forces on both
sides [Mou18b]
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the axial direction for configuration A, the geometry varied strongly. But with
external forces only on one end of the workpiece, the geometry shifted in one
direction. The material shift can be guided by the external axial forces and, thereby,
the produced geometry can be controlled without changing the dies.

2.3.4 Characterization of the Material Flow with FEM

Using the finite element method (FEM), the material flow during the process is
investigated. Two-dimensional axisymmetric simulations are commonly used to
simulate rotary swaging [Gha08]. The model for infeed rotary swaging consists of
two parts: the workpiece (deformable) and the die (rigid) [Mou14a].

One approach to characterize the material flow in rotary swaging is by analyzing
the behavior of the neutral zone (NZ). The NZ represents an area in the region of
the workpiece being deformed in which the workpiece material features no flow in
the axial direction. A position closer to the initial diameter means a higher material
flow in the direction of the feed motion. The location of NZ can vary due to the
tribology. With a higher friction coefficient, the position of the NZ is shifting in the
direction against the feed motion (−z) [Ron06]. Furthermore, the NZ is influenced
by vf as well other process settings, like the final diameter. It was found that the NZ
changes its position as well as its shape during a single stroke (see Fig. 2.28). The
gray area of the workpiece represents the material flowing against the feed direc-
tion, the bright area the material flowing in the feed direction and the boundary
between both is the NZ. By an increase of the coefficient of friction value µ, the
material flow in the feed direction within one stroke seems to increase. In order to
analyze the NZ, a stroke was divided into many small and constant time steps. The
number of detected NZ was found not to be equal to the number of time steps but to
vary with the friction, the strain and the feed rate. The number of NZ increased with
µ and furthermore a shift of the NZ in the negative z-direction was noticed (see
Fig. 2.28a and b). The increased number of NZ is a sign of more internal defor-
mation. As the NZ shape can change from concave to convex, the internal defor-
mations are cyclic. Less material flow against the feed direction was observed in
experiments without lubricant and thus with higher friction coefficients as in the
FEM (see Sect. 2.3.2). For higher axial feed rates a similar trend to that for higher
friction was observed, which can be explained by the higher volume per stroke
which is deformed (see Fig. 2.28b and c) [Mou14a]. From these results, the
improvement of the feed rate and strain range in the forming of the Al99.5 without
lubricant can be attributed to the material flow, and more precisely the behavior of
the neutral zone.

A further method to characterize the material flow dependent on the process
parameters is the history of the plastic strain development. The plastic strain at the
outer region of the workpiece is more sensitive to the friction coefficient value (see
Fig. 2.29). This can also be seen at the NZ, since the shape is more curved at the
surface for higher friction coefficients. But compared to rotary swaged rods in the
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Fig. 2.28 Shape and position
of the neutral zone in one
single stroke of the forming of
Al99.5 rods: a vf = 1 mm/s
and µ = 0.1; b vf = 1 mm/s
and µ = 0.5; c vf = 5 mm/s
and µ = 0.5

Fig. 2.29 Plastic strain
PEEQ over the workpiece
radius after deformation for
µ = 0.1 and µ = 0.2
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macro range, at which only the outer 20% of the diameter is sensitive to friction
[Liu17], in the micro range the PEEQ (plastic strain) is influenced over almost the
complete radius. This can be explained by the small cross-section of the workpieces
in which the surface to volume ratio is very high, thus the tribological conditions
have a stronger influence.

2.3.5 Material Modifications

The interaction between the dies and the workpiece during forming leads to
material modifications, such as in the mechanical properties and the microstructure.
Figure 2.30 presents the Martens hardness in five different regions along a
deformed workpiece of alloy 304. The scatter of the Martens hardness after forming
(regions I to IV and beginning of V) reaches up to 250 N/mm2 compared to about
160 N/mm2 before forming (end of region V). The high scatter occurred because of
the inhomogeneity of the microstructure (soft austenite and hard strain-induced
martensite) and also the distribution of the hardness across the diameter, as can be

II V VII III

II V VII III
AISI 304 steel
d0 : 1,0 mm 
dnom : 0.75 mm

10 mm

d

20

5

Indentations

3600

3800

4000

4200

4400

0 2 4 6- r + rcore

region II

µm

Fig. 2.30 Martens hardness of the workpiece measured after forming in five different regions,
detailed sketch of the location and number of indentions, and three hardness profiles over the
diameter in region II with hardness values between 3800 and 4400 N/mm2
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seen in detail in Fig. 2.30, where three hardness profiles in region II across the
diameter [−r, +r] are presented. The observed distributions reflect inhomogeneous
work hardening through the diameter.

Workpieces of AISI 304 steel after rotary swaging present a strong hardening, as
the yield strength increases significantly (Fig. 2.31). This increase is generally
attributed to work hardening during cold forming. However, further specific phe-
nomena like phase transition as well as dynamic effects influence the development
of the material properties.

As is known for AISI 304 steel, martensite usually develops during cold
forming. Using a Fischerscope MMS PC that works according to the magnetic
induction method, the martensite content can be estimated (Fig. 2.31). The devel-
opment of martensite with regard to the feed rate in the presented case can be
approximated by Eq. 2.7. The equation is derived from the profile in Fig. 2.31.

aM ¼ C 	 v�n
f ð2:7Þ

aM is high for low vf and decreases when vf increases. As the workpieces have the
same initial diameter and nominal true strain, this behavior can be attributed to the
number of strokes experienced by the workpiece and to an adiabatic heating during
forming. At each stroke, new volume fractions of austenite are transformed into
martensite, hence more martensite is present at low feed rates. When the feed rate
increases, the deformed volume at each stroke also increases, which means the
deformation work is higher. As a result, the workpiece temperature increases and
the martensitic transformation is reduced. The yield strength, determined by tensile
testing, is also high for workpieces manufactured at low feed rates and decreases
almost linearly for the feed rate range between 2 and 8 mm/s. While the amount of
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Fig. 2.31 Workpiece properties after forming: yield strength (tensile test) and martensite content
(magnetic induction) of AISI 304 steel

2 Micro Forming Processes 59



martensite is reduced from 60 to 10%, the yield strength is reduced only by about
30% within the investigated feed rate range. Therefore, the martensite-induced
transformation in micro rotary swaging is sensitive to feed rate changes.

2.3.6 Applications and Remarks

Micro rotary swaging is an eligible convenient process when parts with high
strength and high surface quality are needed [Mou14b]. Due to its incremental
characteristic, it allows larger cross-section reductions compared to other forming
processes. Moreover, not only rotationally symmetrical cross-sections are possible
but also polygons. The smaller dimensions of the workpiece compared to the
dimensions of available machines open new possibilities for adjusting rotary
swaging for micro rotary swaging. Besides the manufacturing in linked parts
(Sect. 2.3.2) several workpieces can be formed at the same time (multi-forming)
with adequate die geometries. Figure 2.32 presents examples of micro parts gen-
erated by micro rotary swaging.

Important factors for generating good parts in micro rotary swaging are a deep
understanding of the flow behavior of dissimilar (a) or similar (b) materials; the
control of the relative motion between the workpiece and the dies (b), (c); the
control of the positioning in process and the tool design (e). The part (a) in
Fig. 2.32 shows a composite component made of two different materials (copper in
the core, and AISI 304 steel as shell) by infeed rotary swaging [Kuh10]. The softer
material in the core guarantees a tight connection of the two components [Kuh12a].

Fig. 2.32 Parts made by micro rotary swaging: a composite component consisting of a core from
Cu-ETP and a shell from AISI 304 steel; b, c triangular cross-sections from AISI 304 and Cu-ETP;
d axially joined parts by forming, e multi forming of notches
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Part (d) was made by joining two rods [Mou14c] in plunge rotary swaging, using a
tube as the connecting component. In both cases (a) and (d), the connection
between the joining partners can be a form and a force fit. The correct relative
rotational motion between the workpiece and the dies not only allows further
material modifications (Sect. 2.4) but also leads to more possible geometry varia-
tions. For (b) and (c) this relative rotation was kept to zero and the calibration zones
of the dies were flat. Using a mandrel with tubes, polygons like (c) can be man-
ufactured. In (e) nine notches (depth 0.25 mm) manufactured in three steps are
presented. Because the notches are small the feed rates remain the same for one or
more elements when manufactured at the same time, but the productivity is
increased with regard to the number of geometries designed in the die.

By the control of the material flow in micro rotary swaging with different
measures, the process can be improved in the sense of productivity, the accuracy of
the final product or even material modifications. Using a spring-loaded clamping
device, the axial material flow in infeed rotary swaging can be controlled and thus
enables about four times higher axial feed rates. With intermediate elements around
the workpiece in plunge rotary swaging, an undesired radial material flow into the
gaps between the dies can be prevented and, as a result, the radial feed rate can be
significantly increased. Furthermore, external forces applied on one or both ends of
the workpiece allow the material shift to be guided, thus the final geometry of the
product can be influenced.

In infeed rotary swaging, the final diameter can be constant or have a profile over
the workpiece length, depending on the feed rate used. For low feed rates, the
generated diameter is closer to the nominal diameter of the dies dnom and is constant
along the workpiece length, besides the tip. At high feed rates, an inhomogeneity of
the diameter over the total part length is produced. The diameter increases with the
feed rate and from the tip to the end of the deformed part. The diameter increase can
be explained by the machine resilience, which leads to an incomplete closing of the
dies during the forming with high feed rates as in the idle state. However, the rising
value of the final diameter over the length of the workpiece can be overcome by
using another machine with less resilience or by controlling the position of the dies
by adding a radial feed during the infeed process.

In plunge micro rotary swaging, intermediate elements around the workpiece
enable up to three times higher radial feed rates vr compared to forming without
these elements. This is because flashes on the workpiece can be prevented.
However, the final diameter increases slightly, which depends on the stiffness of the
elastic intermediate element, with bigger diameters for harder elements. This fact
has to be considered during the die design.

A further approach to control the material flow during plunge rotary swaging
involves the external forces at the workpiece ends. The material flow reacts very
sensitively to these. Low forces at one side can direct the material flow so that it
occurs in a preferred direction. A symmetrical material flow is possible if equal
external axial forces are applied on both sides of the forming zone. Thus, the final
shape of the workpiece can be controlled.
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For the process and especially for the material flow in micro rotary swaging,
specific micro effects have to be considered. The first particularity are the slim
workpieces, which tend to bend, break or even get into the die gaps, so a guiding
element needs to be applied during forming. Furthermore, the surface-to-volume
ratio is much higher and for that reason the friction condition has a greater effect on
the process. The friction influences, for example, the plastic strain in a thicker area
from the surface of the workpiece. In addition, the feasible axial feed rates reach
such high values that the feed length during one stroke exceeds the workpiece’s
initial diameter. For this reason, the radial forces are high and the outer ring of the
swaging head expands, which leads to an inhomogeneous diameter evolution. The
previous results present the potential of rotary swaging for micro manufacturing.

Latin

Variable Unit Explanation

C (−) Material constant

d0 mm Initial diameter

d1 mm Final diameter

dnom mm Diameter of the forming zone of a closed die set

fst s−1 Stroke frequency

Fa N External axial forces

Fb,crit N Critical bending load

hT mm Stroke height

hst mm Radial die feed per stroke

l0 mm Initial length of the deformed workpiece part

L0 mm Initial length of the workpiece

l1 mm Final length of the deformed section

L1 mm Final length of the workpiece

lcal mm Length of the calibration zone of the die

lform mm Length of the forming zone of the die for plunge swaging

lst mm Axial workpiece feed per stroke

n (−) Hardening behavior

vf mm/s Workpiece feed rate

vr mm/s Die feed rate

Vst mm−3 Volume displaced by the dies per stroke

Greek

a ° Tool angle

aM % Volume fraction of martensite

Dd mm Diameter difference

ust (−) Incremental deformation degree

µ (−) Friction coefficient
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2.4 Conditioning of Part Properties

Svetlana Ishkina*, Christian Schenck and Bernd Kuhfuss

Abstract Micro rotary swaging is an incremental cold forming process that changes
the geometry and the microstructure of the swaged parts. Due to the opportunity to
produce parts with an accurate diameter and to influence the surface and the
mechanical characteristics by infeed rotary swaging, it is possible to prepare micro
parts for further forming processes such as extrusion. This targeted conditioning was
further enhanced by modifications of rotary swaging tools and kinematics. The
formability of the modified workpieces was reflected by the required forming force of
the subsequent extrusion process, where not only a force increase but also a force
reductionwas observedwithmodifications in rotary swaging. In this section a process
chain “rotary swaging – extrusion” for austenitic stainless steel AISI304 is shown.

Keywords Incremental forming � Microstructure � Process modifications

2.4.1 Introduction

Cold forming of complex workpieces is usually accompanied by work hardening
and is usually realized by multi-stage forming processes. In addition, difficult to
form materials have to be annealed between the forming steps due to the strain
hardening. This heat treatment contributes to a substantial rise of costs for equip-
ment and energy supply. One possibility to avoid this intermediate heat treatment
and to improve the formability of the workpieces is a targeted conditioning of the
workpieces for further forming. This conditioning includes adjusting the forming
characteristics of the workpiece, the geometry (diameter) and the surface (rough-
ness, lubrication pockets). Very good formability with such characteristics as good
strength in combination with a sufficient ductility provide ultrafine-grained
(UFG) materials. Refining of materials can be generated by applying severe plas-
tic shear deformation, e.g. by pressing the workpiece into a die with an angular
channel [Val00]. Further improvement of the forming process can be achieved by
reducing the friction between the workpiece and the forming die. This can be
realized, for example, by modifying the profile and the surface topology of the
blanks [Ish17a].
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Micro infeed rotary swaging not only changes the geometry and the surface of the
swaged parts, but also influences the microstructure and, thus, the mechanical
properties of swaged workpieces. Due to the special adjustments of the machine, it
was possible to vary the produced diameter [Kuh13] and the roughness of the swaged
parts [Ish15c]. Moumi et al. investigated the change of the microstructure after rotary
swaging depending on the feed velocity as well as the increase or decrease of the
martensite content with the variation of the forming temperature [Mou15a]. They
deduced that rotary swaging could provide the opportunity to adjust the forming
characteristics of the workpieces for further forming steps [Ish15a]. However, the
process was to be enhanced in terms of tool geometry and process kinematics.

2.4.2 Process Chain “Rotary Swaging—Extrusion”

2.4.2.1 Modifications of the Die Geometry

The usage of curve-shaped dies (CSD) is typical of rotary swaging of circular tubes
and rods (Fig. 2.33a). These dies feature a curved surface in the reduction zone,
where the diameter of the part is reduced, as well as in the calibration zone, where the
diameter of the part is defined. However, the simulation analysis with FEM software
showed that the shear strain distribution depended on the geometry of the dies
[Ish15a] (see Fig. 2.34). This planar model represented the reduction of the work-
piece cross-section at the forging zone (the part of the reduction zone where forming
occurred) after the first revolution of the dies and at the end of the reduction.

An increase of the shear strain (PE12) was observed in the simulations with flat
shaped dies (FSD) compared to the curve-shaped dies. These dies featured a curved
surface in the reduction zone and a flat surface in the calibration zone (Fig. 2.33b).
Further modifications of the die surface in the calibration zone were introduced with
double-flat-shaped dies (DFSD), which featured a flat surface in both the reduction
and the calibration zone (Fig. 2.33c).

Curve-Shaped
Die

Flat-Shaped
Die

Double-Flat-
Shaped Die

round flat

(a) (c)(b)

reduction zone
calibration zone

Fig. 2.33 Evolution of the swaging dies from curve-shaped dies (CSD) to double-flat-shaped dies
(DFSD) to increase the shear strain in the formed workpieces
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2.4.2.2 Modifications of Process Kinematics

Eccentric Rotary Swaging
Further increase of the shear strain in the workpiece was realized by eccentric rotary
swaging. For this aim, new swaging dies were designed (see Fig. 2.35). The aim of
these dies was to shift the center line with every stroke of the tools during their
rotation (Fig. 2.35a) [Toe18].

Control of the Stroke-Following Angle
Angular driving of the part allowed control of the stroke-following angle Δ/, which
was defined as the difference between the rotation angle of the workpiece and the
rotation angle of the dies during two consecutive strokes. When the angular velocity

Curve-Shaped Dies Flat-Shaped Dies

0.5 mm

Fig. 2.34 Distribution of the shear strain PE12 at the end of the reduction zone

(a)

Sd

(b)

(c)

(d)

center of the
rotation

14 mm

Fig. 2.35 Eccentric rotary swaging: a principal shift of center line; b eccentric dies; closed
double-flat-shaped dies for c centric rotary swaging; d eccentric rotary swaging
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(a) (b) (c) (d)

Fig. 2.36 Variation of the stroke-following angle Δ/: a without; b positive; c and d negative

of the tools was kept constant at xDie = 89.23 rad/s and the part was not rotating
(xWp = 0 rad/s), the stroke-following angle Δ/ between two successive strokes
(stroke frequency fst = 102 s−1) resulted in Δ/ = 51° (see Eq. 2.8):

D/ ¼ 360
 	 xDie � xWp
� �
2p 	 fSt ð2:8Þ

In the case of the same rotation speed of the workpiece and the flat-shaped dies, the
stroke-following angle Δ/ equals zero and the dies impact the workpiece at all times
at the same circumferential line (Fig. 2.36a). The result of this forming process is a
triangle. In other cases, the workpiece can rotate either in the same direction or
opposite to the dies rotation. When they rotate in the same direction, a positive
stroke-following angle Δ/ (Fig. 2.36b) is achieved when the workpiece rotates
faster than the dies. If the workpiece rotates more slowly, the stroke-following angle
Δ/ is negative (Fig. 2.36c). If the workpiece rotates in the other direction
(Fig. 2.36d), the stroke-following angle Δ/ remains negative as well.

2.4.2.3 Extrusion

Ten samples were examined in each series of experiments. For a comparison of the
forming characteristics, the samples “NS” (not swaged) in the initial stage were
turned from non-swaged parts. The diameter of the extrusion bore was d1m = 1.30
mm (Fig. 2.41a). The diameter of the lower bore was d2m = 1.00 mm. All parts were
radially preloaded in a metal sleeve. Forming was preceded with a manual
pre-lubrication of the extrusion die. The press force was obtained by a piezo-based
force sensor to characterize the formability of the swaged parts (Fig. 2.37b).

In order to regard the polygonal geometry and small variations in the diameter of
the samples d1, the forming force F was related to the cross-sectional area A of the
respective swaged workpieces. All curves had a similar gradient angle in the elastic
range (at the beginning of the process) and differed during the plastic deformation.

2.4.2.4 Experimental Design

The forming parameters for all experiment series are summarized in Table 2.2.
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For the extrusion, all the swaged parts with the diameter d1 = 1.28 ± 0.01 mm
were cut into small parts with a length of l1 = 3.0 mm. The samples were pressed
with a constant pressing velocity of v = 0.1 mm/s.

2.4.3 Results and Discussion

The analysis of the characterization curves reflected the possibility of conditioning
of part properties by means of modifications in rotary swaging. The influence of the
modifications in the swaging die design on the extrusion force is shown in
Fig. 2.38. The stroke s of the pressing punch varied with the actual initial length of
the samples. Curve NS represents the unswaged material during extrusion. The
analysis revealed that rotary swaging with curve shaped dies increased the required
extrusion force (curve I above curve NS). In contrast, using flat-shaped and
double-flat-shaped dies decreased the required forces significantly (curves II and III
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Fig. 2.37 Forward extrusion process: a schema; b characterization curve

Table 2.2 Forming parameters: rotary swaging

Test
number

Die Feed velocity
vf, mm/s

Stroke- following
angle Δ/

Shift of the center line
Sd, mm

I CSD 1.0 51° 0

I-a 2.0

II FSD 1.0

II-a 2.0

III DFSD 1.0

III-a 0.5 60°

III-b 51°

III-c 40°

III-d 30°

IV EFSD 1.0 51° 0.3

IV-a 2.0
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are below curve NS). This difference can be explained by various aspects, for
example a change of the microstructure, a reduction of the grain size or martensite
and carbide formation [Ish17b].

The microstructures are shown in Fig. 2.39. Independent of the die design, a
clear grain refinement in the radial direction resulted from the swaging process.
However,, the grain boundaries after swaging with curve-shaped dies (Fig. 2.39b)
were more easily detectable than after swaging with flat- or double-flat-shaped dies
(see Fig. 2.39c and d).

Another aspect is the roughness and the topology of the surface. The surface
roughness of the initial stage samples revealed a value of Sa = 0.92 ± 0.16 lm.
The geometry (cross-section) of swaged stainless steel (alloy AISI304) specimens
using the curve-shaped dies as well as the flat- or double-flat-shaped dies featured a
circular geometry. However, the value of surface roughness Sa of the latter two
grew to Sa = 1.50 ± 0.35 lm and Sa = 1.11 ± 0.61 lm compared to the con-
ventional swaged workpieces with Sa = 0.41 ± 0.05 lm (settings II, III and I).
Hence, the workpieces swaged with curve-shaped dies tended to provide smoother
surfaces, but the flat- or double-flat-shaped dies promoted pocket formation on the
sample surface. Consequently, different die designs, curved or flat, led to signifi-
cantly different forming properties [Ish18].

Although flat-shaped dies allow a significant reduction of the yield stress
[Ish17b, Ish15a] and work hardening, an increase of feed velocity from vf = 1 mm/
s (settings I and II) to vf = 2 mm/s (settings I-a and II-a) decreased this improve-
ment. The required extrusion force increased when forming with flat-shaped dies
(curve II-a higher than curve II) (Fig. 2.40), while the feed velocity did not affect
the extrusion force when using curve-shaped dies (curve I equals curve I-a).

The roughness of the workpieces swaged with flat-shaped dies was influenced
by the feed velocity vf as well (decreased to Sa = 0.94 ± 0.23 lm), while swaging
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Fig. 2.38 Characterization curves based on tool design. I: curve-shaped dies (CSD), II:
flat-shaped dies (FSD), III: double-flat-shaped dies (DFSD), NS: not swaged
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with curve-shaped dies at a higher feed velocity vf = 2 mm/s changed this
insignificantly (Sa = 0.58 ± 0.18 lm) (Fig. 2.41).

These results correspond to the martensite content, which was more influenced
by the feed velocity if flat-shaped dies were applied [Ish17b]. Additionally, the
number of strokes was higher with lower feed velocity. The number of strokes
influenced the cross-sectional shape more when using flat-shaped dies, due to the
pockets on the surface (see Fig. 2.45). The microstructure was refined more by the
higher degree of shear strain [Ish15a].

Another major influence on the extrusion characteristics was the modification of
the process kinematics. The use of the eccentric flat-shaped dies changed the
process kinematics by means of radial displacement of the center-line during the
process and thus resulted in a higher shear strain. Due to a significant reduction of
the grain size and the martensite content compared to the rotary swaging using

(a) not swaged/
initial stage

(d) DSFD(b) DSC (c) FSD

200 µm 200 µm 200 µm

Fig. 2.39 Microstructure (cross-section) of the workpieces a before forming; and after rotary
swaging at the setting parameters b I, c II and d III
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double-flat-shaped dies [Ish17b], a reduction of the required press force during
extrusion could be observed (Fig. 2.41, curve IV below curve III).

Eccentric rotary swaging influenced also the development of the microstructure.
As a result, the transformed martensite showed a strong reduction compared to the
amount of martensite after conventional rotary swaging. Thus, pre-forming of the
workpieces in this special way affected work softening, reduction of yield stress,
and increase of the plastic strain [Ish17b]. The grain boundaries were detectable in
the core area of the processed workpieces while they were not visible any more in
the outer regions (Fig. 2.42b). Furthermore, the specimens exhibited typical eddy
patterns and a spiral grain orientation, which were more pronounced with a feed
velocity of vf = 2 mm/s (setting IV-a) (see Fig. 2.42c). Moreover, the shape of
these workpieces was a polygon with eight corners. Using this method, the surface
roughness was also influenced by the feed velocity. The workpieces swaged at a
feed velocity of vf = 1 mm/s (setting IV) featured a roughness of
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Fig. 2.41 Characterization curves based on process kinematics: eccentric flat-shaped dies (EFSD,
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Fig. 2.42 Microstructure (cross-section) of the workpieces a before forming; and after eccentric
rotary swaging at feed velocity of b vf = 1 mm/s (setting IV); c vf = 2 mm/s (setting IV)

70 B. Kuhfuss et al.



Sa = 1.09 ± 0.26 lm, which rose at the increased feed velocity of vf = 2 mm/s
(setting IV-a) to a value of Sa = 1.36 ± 0.48 lm.

A variation of the stroke-following angle Δ/ allowed the production of parts
with polygonal geometries. The shape of the conventional swaged workpieces
using curve-shaped dies was actually circular. The usage of flat-shaped dies or
double-flat-shaped dies in combination with the targeted adjustment of the
stroke-following angle Δ/ delivered polygonally shaped parts with several facets.
The shaping correlates to Eq. 2.9, where n is the number of corners:

n ¼ 360
=D/ ð2:9Þ

With the increasing number of facets the characterization curves became flatter
(Fig. 2.43).

In dependence on the stroke-following angle Δ/, not only the microstructure but
also the surface roughness was influenced. A stroke-following angle Δ/ = 60°
(setting III-a) delivered a hexagon (see Fig. 2.44a), with a surface roughness of
Sa = 0.45 ± 0.16 lm. The round shaped workpieces formed by Δ/ = 51° (setting
III-b) featured the highest surface roughness value for these experiments with
Sa = 0.72 ± 0.26 lm. Workpieces swaged by Δ/ = 40° (setting III-c) developed
the shape of a nonagon (see Fig. 2.44c), and a surface roughness of
Sa = 0.66 ± 0.36 lm. All dodecagons were swaged by Δ/ = 30° (setting III-d)
(see Fig. 2.44d), and had a roughness of Sa = 0.53 ± 0.17 lm.

The workpieces swaged with curve-shaped dies revealed a circular cross-section
and a smooth surface (Fig. 2.45a). Swaging with the stroke-following angle of
D/ = 51° (non-rotating workpiece, setting III-b) using double-flat-shaped dies led
also to a round geometry (Fig. 2.44b), but many small bevels (see Fig. 2.45b),
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Fig. 2.43 Characterization curves based on process kinematics: stroke-following angle Δ/ using
double-flat-shaped dies (settings III-a to III-d)
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which are dependent on the feed velocity vf. The swaging dies did not strike along
the same line of the workpiece any more and the resulting shape formed was not a
polygon. The surface roughness increased to the value of Sa = 0.72 ± 0.26 lm.

Fig. 2.44 The influence of the stroke-following angle on the geometry and the microstructure
(cross-section) of the swaged workpieces using double-flat-shaped dies at feed velocity of
vf = 0.5 mm/s (settings III-a to III-d)

1 mm

(a) workpiece without lubrica on pockets (b) workpiece with lubrica on pockets

1 mm CSD DFSD

Fig. 2.45 Influence of the swaging dies on the creation of lubrication pockets by non- rotating
workpiece Δ/ = 51°
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2.5 Influence of Tool Geometry on Process Stability
in Micro Metal Forming

Lewin Rathmann*, Lukas Heinrich and Frank Vollertsen

Abstract Deep drawing is a well-suited technology for the production of hollow
metallic micro parts due to its excellent qualities for mass production. However, the
downscaling of the forming process leads to new challenges in tooling and process
design, such as high relative deviation of the tool geometry and increased friction.
In order to overcome these challenges and use micro deep drawing processes in an
efficient production system, a deeper understanding of the micro deep drawing
process is necessary. In this investigation, an overview of the substantial influences
on process stability in micro deep drawing and a method for description, called
“tolerance engineering”, are presented.

Keywords Micro forming � Deep drawing � Tool geometry

2.5.1 Introduction

Deep drawing is a well-suited technology to produce such parts due to its excellent
qualities for mass production. However, the downscaling of the forming process
leads to new challenges in tooling and process design. Cheng et al. investigated how
the interaction of free surface roughening and the size effect affect the micro-scale
forming limit curve [Che17]. They modified the original Marciniak-Kuczynski
model by introducing free surface roughening to describe the decrease of the
micro-scale forming limit curve as a result of the geometry and grain size effects.

Saotome et al. showed that the process window decreases with increasing ratio
between the punch diameter and sheet thickness when thin foils are used [Sao90]. In
preparation for the deep drawing process, Gau et al. expanded the process window for
formingmicro cupswith cupheight to outer diameter ratios by annealing stainless steel
304 sheets at temperatures not less than900 °C formore than3 min [Gau13]. In 2014,
a novel technique in micro sheet metal forming was presented by Irthiea et al. [Irt14].
They used aflexible die to producemicrometal cups from stainless steel 304 foils. The
die consisted of a cylindrical tank filled with a rubber pad. Forming parameters like
anisotropyof SS304material and friction conditions at various contact interfaceswere
investigated experimentally as well as in simulation with this setup.

Messner et al. demonstrated that increasing punch forces can be expected in the
micro range due to increasing friction [Mes94]. Furthermore, Michel et al. showed
that the yield point and stress decrease with decreasing foil thickness [Mic03].
Besides material and friction, the geometry of the forming tools has a significant
impact on the process forces, stress states and the process window of the deep
drawing process.
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Aminzahed et al. present in [Ami17] a piezoelectric actuator as a new approach
in a deep drawing operation to draw rectangular foils. They also studied blank
holder effects on thickness distributions, punch force and spring-back and used
experiments and simulations to obtain results.

Wagner et al. demonstrated that the punch radius has a significant influence on the
process force and that higher punch radii are beneficial for the process [Wag05].
Thus, the quality of the produced parts depends on the choice of suitable geometric
parameters of the forming tools. In conventional deep drawing processes, manu-
facturing deviation in the sub-millimetre range in tooling do not affect the deep
drawing process since these deviations are neglectable in size compared to the
dimensions of the tools. Moreover, small deviations are compensated by the
formability of the workpiece material. Due to size effects, the tribology changes in
the micro range, which leads to smaller process windows in micro deep drawing
[Vol09]. If scaled down, the deep drawing process becomes more sensitive to
process deviations. This is due to the relative deviations of the tool geometry, caused
in tool manufacture. These increase with decreasing size in the micro range because
the accuracy of manufacturing reaches its limits [Hu09]. Figure 2.46 illustrates the
effect of larger relative manufacturing deviations in the micro range. Due to these
effects, micro forming processes cannot be simply transferred to the micro range and
further investigation is needed. Therefore, the aim of this study is to determine the
influence of tool geometry on micro forming processes to allow a specific process
design and improved process stability as well as a quantitative assessment of the
effect of wear- and production-related deviations of tool geometry.

2.5.2 Experimental Setup

For the deep drawing experiments described in this investigation, blanks were cut
out using a picosecond pulsed laser with a wavelength of 1030 nm in order to
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Fig. 2.46 Relative deviations in manufacturing of a forming tool due to identical absolute
deviations in macro and micro range
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prevent burr formation at the edge of the blank. The diameters were checked with a
Keyence VHX 1000 digital microscope. For the tools, ledeburitic
powder-metallurgical steel 1.2379 (X153CrMoV12) was used. The relevant geo-
metric parameters of the tools used in the experiment were measured using a laser
scanning microscope Keyence VK 9700. The drawing process was carried out on a
single-axis micro forming press with a maximum punch force of 500 N and a
constant punch velocity of 10 mm/s using HBO 947/11 as lubricant. The punch
force was measured with a Kistler 9217A piezo load cell with an accuracy of
0.01 N. The punch stroke was measured with a Heidenhain LS477 linear scale with
an accuracy of 1 lm. The press was driven by a servo motor controlled by a NI
9514 servo drive interface. The blank holder acts passively. It uses its own weight
and is supported by two springs. The blank holder pressure can be adjusted by
changing the spring tension. The blank positioning was realized by an automated
positioning system. The blank was positioned with a pneumatic gripper that is
driven by a linear direct drive cross table. The position of the blank was then
measured using an Allied Vision G 917 B monochrome CCD camera with a res-
olution of 9 MP equipped with a telecentric lens with built-in coaxial illumination
and a magnification of 0.75. With this setup the blanks can be positioned within a
radius of 10 µm from the center of the drawing die.

2.5.3 Numerical Models

The Finite Element Method (FEM) is a proven tool for routine calculation tasks and
is used in plant and mechanical engineering as well as in vehicle construction. This
method enables largely realistic statements in the stages of concept finding and the
development of components and structures using computer-assisted simulations of
physical properties. This results in a significant reduction of product development
time [Kle15]. For FEM analysis, the software Abaqus 6.14 was used.
A 3-dimensional model for micro deep drawing was used. All tools are defined as
analytical rigid shell objects and the blank was defined as a deformable body using
the 8-node linear brick 3D-stress element C3D8R for the mesh. Within the sheet
thickness four elements were used. In order to save computational time, only one
half of the blank was considered. For the elastic plastic material model of the foil,
tensile tests were performed to determine the required flow stress curves.

2.5.4 Circular Deep Drawing

The punch force presents an important parameter to assess the process stability of
deep drawing processes. In [Beh13] the influence of variation of the tool geometry
on the punch force is given. By using experimental data and FEM simulation, each
geometry variation is classified regarding its impact on the punch force and
therefore on the process stability, as shown in Fig. 2.47.
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Figure 2.47 shows that the change of punch diameter and drawing gap resulted
in the greatest impact on the punch force and therefore should be carefully con-
trolled during tool manufacturing. Changes in the punch radius, drawing die radius
and edge shape, on the other hand, proved to be of minor importance.

The limiting drawing ratio LDR describes the maximum value of the drawing
ratio that can be achieved under the given process conditions. A larger achievable
LDR acts as an indicator of a more stable deep drawing process and therefore
makes it attractive for industrial use. In [Beh16] the influence of the blank material
and tool geometry variation on the LDR is described. It is shown that, regardless of
the tool geometry, the austenitic steel 1.4301 enables the largest process window
compared to the foil materials Al99.5 and E-Cu58, and therefore proves to be most
stable in micro deep drawing processes, as shown in Fig. 2.48.

For all the materials used, the die clearance and die radius have the biggest
influence on the LDR. While the die radius should be increased, a decrease of the
drawing clearance below 1.25 times the foil thickness is beneficial to the drawing
process.

The investigation of the influence of a tool geometry deviation on the part
geometry is mentioned in [Hei17]. In this case, the influence of an uneven drawing
radius deviation was investigated for different drawing ratios using experimental
data and FEM simulation. The deviation of the die radius is described by the ratio of
curvature (ROC), which is defined as the ratio between the maximum and minimum
curvature of the die edge. This sort of variation has a significant influence on the
part shape, resulting in uneven cup height after the drawing process due to stronger
stretching of the cup wall at positions with a smaller die radius. This effect increases
with higher drawing ratios. Furthermore, it is shown that by using FEM simulation
an initial blank displacement sufficient to result in an even cup height can be found.
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However, the effect of an uneven drawing radius cannot be compensated entirely.
While an appropriate blank displacement results in an even cup height when an
uneven drawing radius is used, a significant difference in strain remains in the part,
as shown in Fig. 2.49. This is explained by the different mechanisms that result in
an uneven cup geometry. While blank displacement leads to material surplus on one
side of the cup, an unsymmetrical radius deviation on the other hand generates
uneven stretching of the cup wall. It can be concluded that the effect of an uneven
radius geometry proves to be of major importance to produce accurately shaped
micro cups.

The investigation of the interactions between individual sub-processes in
multi-staged micro deep drawing and their impact on the overall process is
time-consuming and cost-intensive when done only experimentally. Thus, a sim-
ulation model of a two-stage micro deep drawing process is developed in [Tet15]
and showed that this model can display the first and second stroke in one forming
simulation in accordance with the experiments conducted. Figure 2.50 shows the
overview of the two-stage micro deep drawing process simulation model. It consists
of two pairs of dies and punches with different diameters and a blank holder
impinging the blank with pressure. After the first stroke, the second punch clamps
the cup on the radius of the second die while the first punch and die move back-
wards. Then, the second punch with a smaller diameter starts moving, which draws
the first cup into the second die, which results in a second cup with a smaller
diameter and higher cup walls.

This model is the basis for further investigations with two-stage simulation
models with varied tool geometries. This enables an identification of the influence
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of opportune or inopportune in series connected tool geometry. The investigated
characteristics are the curvature of the rib, the mean wall thickness alteration and
the maximum punch force. The geometry is varied in the range of ±3.5% around
the initial tool geometry to investigate these influences. This variation represents
unpreventable deviations that occur when fabricating real tools. It also makes it
possible to use a maximum and minimum tool geometry in the simulation model.
Hence, these options are expressed in two adjustments. On the one hand, (+)
expresses the positive deviation of +3.5% to larger tool dimensions from the initial
tool geometry, while (−) represents the negative deviation of −3.5% to lower
dimensions. For example, a die with smaller dimensions (−) than the ideal is used in
the first stroke and combined with a die with greater dimensions (+) than the ideal
during the second stroke. As identified in [Beh13], the drawing gap variation has a
significant influence on the punch force. Consequently, the punch diameter is held
constant while the drawing gap is varied by using the two mentioned adjustments
for the die diameters during the simulative investigations. Moreover, the die radius
is varied in the same range as the diameter.
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The first characteristic is the curvature c along the cup wall. The curvature is a
result that can be found in both the simulation and experiment and results from an
oversized drawing gap [Klo06]. It describes lip forming and bulge at the rib of a
cup, which are defects along the cup wall and thus criteria for whether a cup is
usable or not. This curvature is the maximum distance between a tangent and a
point A. Both are located at the outer cup wall. The tangent goes through two points
that mark the two local maximum peaks given by the lip forming and the rib of the
cup wall. The point A is between these two peaks and marks the local minimum of
the cup’s wall topography. Figure 2.51 gives a pictorial representation of the
curvature.

The influence of the adjustment of the first and second die diameters on the
curvature c is shown in Fig. 2.52. The abscissa labels the die diameter deviation
from the ideal geometry for a minimum (−) and maximum value (+), while the
ordinate displays the curvature in µm. Furthermore, the main influence of the
adjustment of D2 on c is represented by a black dotted line. The main influence of
D2 means that the influence of the adjustment of D1 on c is not considered. Two
courses happen and show that a large die diameter in the first stroke and a large one
in the second stroke reduce the curvature. For an explanation, it is important to
differentiate between the outer and inner cup wall. A close look at these two sides
reveals that the second stroke relocates the curvature from the outer to the inner
wall. Responsible for this is the second die radius, which shifts the curvature to the
inner wall by straightening the outer. The greater the curvature is after the first
stroke, the better this mechanism works. If the curvature is low after the first stroke,
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this mechanism does not occur and the measured curvature after the second stroke
gets worse.

Another deep drawing quality feature is a homogeneous wall thickness over the
entire cup wall. As a measure for this, the mean wall thickness alteration D is used.
The development is shown in dependency on the adjustment of die diameter D1 in
Fig. 2.53. As in Fig. 2.52, the abscissa labels the die diameter deviation from the
ideal geometry for a minimum (−) and maximum value (+), while the ordinate
displays the mean wall thickness alteration in µm. Furthermore, the main influence
of the adjustment of D2 on D is represented by a black dotted line. It can be seen
that the mean wall thickness alteration is held almost constant by choosing a small
diameter D1 in the first deep drawing step and a small D2 in the second one.
Choosing a small die diameter leads to small drawing gaps in both deep drawing
steps. The small drawing gap effects a levelling on deviations of the large wall
thickness. Especially in the area of the punch radius at the cup wall, a thinner wall
can be found. Otherwise, the wall thickness increases at the end of the rib due to the
missing influence of the blank holder when the blank emerges under it. Between
those zones, the cup wall thickness is in the range of the initial blank thickness. If
this maximum deviation is reduced by applying a large die diameter in the second
stroke, the smaller drawing gap reduces the mean wall thickness alteration and
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improves the homogeneity of the wall thickness distribution. Nevertheless, a small
thickness deviation remains due to the drawing gap being larger than the blank
thickness, leaving enough space for minimum alterations to occur.

The punch force is one of the most important considerations in metal forming.
This force correlates with the tool wear, surface quality and the parameters of the
conferred forces [Beh13]. Therefore, the influence of the adjustment of die diameter
D2 on the maximum punch force Fp,max is shown in Fig. 2.54. As in Fig. 2.52 the
abscissa labels the die diameter deviation from the ideal geometry for a minimum
(−) and maximum value (+), while the ordinate displays the maximum punch force
in N. Furthermore, the main influence of the adjustment of D2 on Fp, max is rep-
resented by a black dotted line. The diagram shows that a large diameter D1 in the
first stroke as well as a large diameter D2 in the second stroke lead to stronger
decreasing maximum punch forces than choosing a small D1 and a large D2. The
decrease in the force is due to the reduced contact between the tools and workpiece.
This contact does not only appear among the radii of the die and punch and the
blank, but it also counts for the inner walls of the die and the blank. Contact
connected with relative movement between a contact pair is always accompanied
by friction. In the micro range, the punch force is affected by friction between the
tool and workpiece [Beh13]. Therefore, a large diameter D2 decreases the punch
force, because it leaves enough space for the blank to avoid contact with the inner
die walls. Additionally, a larger diameter D2 reduces the contact pressure between
the blank and die radius. This pressure arises from the contact conditions between
the die radius and blank, ending in greater friction. And finally, a lower drawing
ratio decreases the punch force. The maximum punch forces for the second stroke
in dependency on D1 differ strongly, because of the remaining stresses in the cup
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wall. A smaller D1 causes greater stresses than a larger D1. The punch must
additionally overcome more stress during the second stroke. This increases the
maximum punch force.
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2.5.5 Deep Drawing of Rectangular Parts

Compared to deep drawing of circular parts, there is a significant increase in
complexity when rectangular parts are formed. As additional steps such as han-
dling, or trimming become increasingly difficult when scaling processes to the
micro range, it was the aim to produce accurately shaped parts only through deep
drawing. A commonly used method to achieve near net shaped parts in deep
drawing is blank shape optimization. However, due to size effects this method
cannot be transferred unadjusted for the optimization of micro deep drawing pro-
cesses. For example, there is a significant increase in friction with decreasing
process dimensions. This effect has a fundamental influence on the shape of the
final deep drawn part. In [Hu11] it is shown that, if the material model and friction
coefficient are adjusted to the actual condition in the micro range, it is possible to
determine the optimal blank shape in a size-dependent FEM simulation and
accordingly produce near net shaped parts in rectangular micro deep drawing, as
shown in Fig. 2.55.

Furthermore, the work carried out showed that material characteristics are even
more important than friction and that the results of the FEM simulation are in good
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agreement with experimental findings. Using Al99.5, rectangular parts with no
remaining flange can be formed. In [Hu11] these findings can be transferred to
blanks made of E-Cu58 and 1.4301. The influence of tool geometry deviation on
the punch force in rectangular micro deep drawing has been investigated in Behrens
et al. [Beh15]. It is demonstrated that increasing the corner radius or decreasing the
die radius increases the resulting punch force and therefore has a negative effect on
the drawing process. Additionally, the results show that the influence of a die radius
variation on the punch force is far more prominent in rectangular deep drawing
compared to the forming of circular parts, which can be explained by the different
composition of the punch force.

2.5.6 Forming Limit

In order to enable the possibility of predicting component failure in deep drawing
like bottom fracture using FEM simulation in addition to experimental investiga-
tions, it is necessary to integrate the material failure as an input variable into the
simulation. Conventional methods like hydraulic or pneumatic bulge tests are
available to determine forming limit curves even for thin foil materials. With these
methods, only positive minor strains are measurable. Therefore, a scaled-down
Nakajima test was developed and described in Veenaas et al. [Vee15]. Using an
evaluation method adapted to the micro range, complete forming limit curves
(FLC) can be determined. Especially for deep drawing processes, negative minor
strains and the left side of a forming limit diagram are more important [Vee15]. It
was possible to determine forming limit strain curves for the micro range for the foil
materials Al 99.5, E-Cu58, 1.4301 and for PVD-sputtered Al–Zr, both for the
positive and for the negative side of minor strain, as shown in Fig. 2.56.

2.5.7 Change of Scatter

Tolerance engineering is an approach for assessing influences in multi-stage pro-
cesses but is also applicable in a single-stage process. The aim is the possibility of
extrapolating the permissible tool geometry deviations in every process step from
geometrical requirements on the final product geometry prescribed by operators.
This becomes necessary because each process step increases or decreases the actual
deviation of the workpiece. In order to describe this change of deviation, so-called
“tolerance functions” are formulated. These functions answer the question, what is
the necessary tolerance or admissible wear to get sound parts. For a process chain,
the outcome can be calculated by a series of tolerance functions.

An example of data useful for tolerance engineering is given in Brüning
[Brü15c] and is described by using upsetting of preforms with cone shaped cavities.
In this example, four different dies are compared regarding their forming results.
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These results depend on the radii of the dies and preforms after upsetting as well as
on the relative preform volumes. It is shown that the preforms generated by the laser
rod end melting process can be calibrated well within a single-stage cold forming
operation. Furthermore, for average natural strains u* � 0.7, the tolerable
eccentricity of the preform is determined to 25 µm and increases with decreasing
relative volume of the preform. This volume can scatter within 3% without a
negative influence on the filling of the cavity. The influence of the calibration step
on the eccentricity of the preform after the laser rod end melting process for one die
is shown in Fig. 2.57.

The figure shows that the scattering field of the deviations regarding the position
in the z- and r-direction is subjected to a shift. This shift is in the direction of the
origin. Additionally, the scattering field of deviations after the calibration step is
much smaller than the one after the laser rod end melting process. As Fig. 2.57
shows, it is possible to improve the scattering field and the position of its centroid
by decreasing the field’s width and length and relocating the center point in the
direction of the origin.

According to tolerance engineering, it is now important to know the allowed
deviation of the laser rod end melting process so that the subsequent process step is
able to calibrate those deviations and create a sound part. Therefore, matrices are
used to transform the deviations from the cold forging process into the allowed
deviations of the previous step by multiplying them with damping factors and
subtracting the shift of the mean deviations of both processes. An exemplary
equation is shown in the following Fig. 2.58.
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On the left side of the equation, the mean deviation (ri zi) and the scatter of the
laser rod end melting process (±Dri/2 ±Dzi/2) are mentioned. The mean deviation
results from the movement velocity of the laser in the lateral direction to the rod,
while the scatter develops, for example, from the flow of the inert gas during
preforming. On the right side of the equation, the mean deviation of the cold
forging (ri+1 zi+1) and the scatter of this process (±Dri+1/2 ±Dzi+1/2) is mentioned.
In the case of the mean deviation, it results from positioning deviations of the upper
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melting process
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and lower die in relation to each other, and the scatter develops from differences in
the form filling of the die by the preform. The factors biþ 1

11 and biþ 1
22 are damping

factors with values greater than one if the (i+1)th process step decreases the scatter,
or with values greater than zero and less than one if the (i + 1)th process step
increases the scatter. These values result from the reverse calculation, which means
the calculation of the scatter of the (i − 1)th process step from the deviations of the
prior step. The factors have to be evaluated prior to the calibration process by using
simulations or experiments. In Fig. 2.58 two examples of the parameter b11 and b22
are given. In the first row the parameters for the cold forging process after the laser
rod end melting process are mentioned. In this case, the parameters show that the
scattering field is decreased. The second row includes the parameter for the scat-
tering field of the preform diameter after a thermal upsetting. As can be seen, the
values for the parameters are also greater than one and therefore describe a
decreasing of the scatter. Finally, the shifting of the centroid of the scattering field
from the cold forging to the laser rod end melting has to be considered. This shifting
is expressed by the difference between the two centroids.

If a process comprises more than two process steps, a series of tolerance func-
tions is used to calculate the necessary tolerance to get sound parts. An example of
such a series of functions is given by the following Fig. 2.59.

As can be seen, the left side of the equation in Fig. 2.59 is the same as in
Fig. 2.58 and so is the part of the equation in the tall square brackets, but with
different exponents and indices due to the three-stage process chain. This last part
still describes the transformation of the (i + 2)th scattering field of the final product
into the (i + 1)th scatter of the previous step. Now, the process chain consists of
three process steps and the transformation of the scatter from the (i + 1)th step into
the ith step has to be considered. The part between the tall square brackets can be
understood as the (i + 1)th centroid and its scattering field, and is now multiplied
with the damping factors for this (i + 1)th step and relocated by the last

Rathmann 2018 BIAS ID 181596

inverse calculation for a process chain with three steps: 

b11, b22: damping factors 

with
: decreasing
: increasing 

the scatter due to process i+2 and i+1

Fig. 2.59 Inverse calculation for a three-staged process chain
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mathematical term. As before, the damping factors have to be evaluated in simu-
lation or experimentally in the first place.

To receive a tolerance function for an arbitrary n-stage process chain, the fol-
lowing steps have to be considered. Firstly, the starting point is always the math-
ematical description of the center point and the scatter of the nth process
step. Secondly, the first of the overall n − 1 shifts takes place. Therefore, the center
point and the scatter are multiplied with the damping factors of the (n − 1)th
process step. Then, the difference between the center points of the nth and (n − 1)th
steps is subtracted. The result is the center point and the scatter of the (n − 1)th
step. Thirdly, the (n − 2)th shift has to be done, and so on. This procedure is
repeated until the (n − (n − 1))th shift is done. Finally, a series of tolerance
functions is received that describes the development of the allowed deviations or
the tolerable tool wear through the overall process chain.
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