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Preface

The current book is a final report of the Priority
Program 2013, “Targeted Use of Forming-Induced
Residual Stresses in Metal Components,” funded
by the GermanResearch Foundation (DFG) in the
years 2017–2023.

Residual stresses are defined as stresses within a sta-
tionary system or component which exist despite
the absence of externalmechanical or thermal loads.
The residual stress state of a component is essen-
tially determined by the sequence of manufactur-
ing steps within production. Referring to form-
ing processes, they typically induce forces that lead
to a plastic deformation of the produced compo-
nents. After the unloading, the workpiece deforms
until it reaches its final geometry with a resulting
residual stress state. The component is in a static
equilibrium. This means that tensile and compres-
sive residual stresses always occur simultaneously.
This residual stress state has a decisive influence
on the properties of the parts produced by form-
ing processes. It is well known that tensile residual
stresses considerably reduce the fatigue strength in
most applications. In contrast, compressive resid-
ual stresses in areas close to the surface improve the
fatigue strength.

In many forming process chains, the state of ten-
sile residual stress is therefore significantly reduced
by heat treatment in industrial applications. Since
the yield strength of metals decreases considerably
with increasing temperature, the residual stresses
during heat treatment lead to plastic deformations
and, after subsequent cooling, to a significantly re-
duced residual stress state. For both sheetmetal and
bulk forming processes, the deliberate induction of
compressive residual stresses by the actual forming

process has not yet been realized. One important
reason is a lack of knowledge about the relationship
between production parameters and the induced
residual stresses. In addition, the established meth-
ods for determining residual stresses can only be
used to a limited extent in most applications.

The present book is organized in three general parts:
First, we give an overview of the basics of forming
induced residual stresses from different viewpoints.
Secondly, the results of the 12 individually funded
projects are explained in detail, followed by the
third part summarizing the acquired knowledge
and discussing open topics and need for further
research.

The results presented here could only be achieved
through the generous financial support of theDFG.
Many thanks go here to the whole DFG and its re-
sponsible staff. I also extend special thanks to my
colleagues Peter Groche, Jens Gibmeier, Markus
Kästner, A. Erman Tekkaya, Jörg Schröder and
Markus Bambach for their willingness to lead the
crossproject expert groups. Furthermore, such ex-
cellent results can only be achieved with highly mo-
tivated and committed researchers. I would there-
fore like to thank everyone who has contributed to
the success of this priority program over the past six
years. Last but not least, I would also like to thank
my own team, which has mastered the extensive
tasks behind the coordination of such a priority
program with flying colors.

Munich, November 2023

Wolfram Volk
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1 Residual Stresses in Modern Production Engineering

Reberger, E.; Volk, W.

1.1 Introduction

The existence of residual stresses was recognized
over 150 years ago. In 1841, Neumann [1] related “in-
ternal stresses” to the birefringence of light in trans-
parent solids. Over time, researchers from various
interdisciplinary fields agreed on basic taxonomies
and developed an increasing understanding about
the nature of residual stresses.

Manufacturing processes typically cause residual
stresses. They can significantly impact a material’s
properties, such as its strength and ductility. Thus,
they affect the performance of a component or
structure, leading to a potential decrease in dura-
bility or reliability. As such, it is essential to under-
stand the nature of residual stresses and how they
can be managed to ensure optimal performance.

One example where residual stresses played a role
in failure is the collapse of the Silver Bridge in 1967.
The bridge, which crossed the Ohio River between
West Virginia and Ohio, had been constructed in
1928. Over time, tensile residual stresses originating
from the manufacturing process – combined with
a corrosive environment – favored stress corrosion.
This led to the growth of a small crack within a
bar link and the eventual failure of the bridge. This
example expresses the importance ofunderstanding
andmanaging the residual stresses ofmanufactured
products. [2]

1.2 Definition of Residual Stresses

Residual stresses are mechanical stresses within a
stationary body that acts as a closed system. Two
conclusions result from this definition. First, resid-
ual stresses can exist despite the absence of exter-

nal mechanical or non-mechanical influences since
the body represents a closed system. These exter-
nal influences include external forces, moments,
or temperature gradients. Second, these residual
stresses are self-equilibrating – otherwise, force or
moment resultants would deform the body, which
impedes the assumed prerequisite of a stationary
state. Within this work, residual stresses are de-
noted byσres. [3]

Residual stresses obey first principles such as
Newton’s second law, which states in differential
form:

divσ + fvol = ρẍ. (Equation 1.1)

By imposing formerly introduced boundary condi-
tions, Equation 1.1 transforms into:

divσres = 0. (Equation 1.2)

Here, volumetric forces fvol of arbitrary nature, as
well as the acceleration ẍ, are set to zero. Equa-
tion 1.2 underlines the self-equilibrating nature of
residual stresses. Consequently, tensile and com-
pressive residual stresses always occur simultane-
ously within a body. [4]

Nearly all modern production technologies induce
residual stresseswithin amanufactured component
[5, 6]. In amore detailed view, every processing step
within manufacturing and possible postprocessing
changes a component’s residual stress state.

Figure 1.1 illustrates the evolution of the residual
stress state within manufacturing. Accordingly,
semi-finished materials – the starting point of man-
ufacture – inherit residual stresses since they have
been subjected to a history of processing steps, too.
Duringmanufacture, this chain of processing steps
leads to intermediate residual stress states of a com-
ponent. Finally, the residual stresses of a compo-
nent can be further manipulated by postprocessing
techniques to obtain a desired final residual stress
state. [7]
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Initial residual stresses

Manufacture pro-
cessing steps(s)

Intermediate residual stresses

Final residual stresses

Postprocessing

Figure 1.1 Evolution of residual stresses during
manufacture.

1.3 Residual Stress Engineering

During the manufacture and the subsequent ser-
vice life of a mechanical component, these pre-
existing residual stresses add up to the applied load
stresses. Up to now, the conservative goal has been
to avoid the creationof residual stresses duringman-
ufacturing or at least to reduce them through post-
processing [6]. Regarding service life, components
were designed for defined load cases as if they were
free of residual stress. However, such an approach
that disregards pre-existing residual stressesmust be
countered by design – for example, by higher safety
factors. Naturally, this contradicts a lean design
approach.

Consequently, unavoidable residual stresses influ-
ence the yield strength, fracture strength, and fa-
tigue behavior of the component [5]. Thus, resid-
ual stresses affect the component behavior either
positively or negatively. This is true for the man-
ufacturing process and the subsequent service life
[6]. The component behavior depends on the lo-
cal distribution of the residual stresses and the ap-
plied load stresses. Following this argumentation,

unavoidable residual stresses must be considered
during a component’s design stage. Regarding ser-
vice life, residual stresses are most favorable when
they oppose load stresses, which shifts yielding or
fracture toward greater values. Furthermore, com-
pressive residual stresses near the surface increase
fatigue life, whereas tensile residual stresses reduce
fatigue life and favor corrosion tendency [6]. [8]

With the help of novel models, it is possible to
create targeted residual stress states during and af-
ter manufacturing. These target states are opti-
mized for following manufacturing steps as well
as adapted to the component requirements and de-
fined load cases within service life. There are two
ways to achieve this goal. As figure 1.1 demonstrated,
postprocessing techniques can achieve the desired
final residual stress state. But this is an additional
process step that is incorporated into the environ-
mental footprint and pricing of the component.
Here, residual stresses that interact negatively with
defined load cases can be relieved by heat treatment
and successive straightening, for example [6]. Simi-
larly, beneficial residual stresses can be introduced
in a postprocessing step to improve component
properties. For example, shot peening is used to in-
duce compressive residual stresses near the surface,
which is advantageous for fatigue life [9]. Here,
the component surface is plastically deformed and
compressed by shooting small metal balls at the sur-
face. This increases surface hardness and improves
fatigue strength by introducing compressive resid-
ual stresses near the surface [6]. [4]

The more elegant approach would be to shape the
evolution of residual stress during manufacture
within early processing steps [8]. This allows for in-
novative tooling concepts within the process design
and optimized geometries within the mechanical
design which already introduce beneficial residual
stress states during manufacture [6]. Downstream
postprocessing steps can thus be eliminated or re-
duced to a minimum. This can only be achieved
with the help of novel models and simulation tech-
niques for residual stress estimation. Volk et al. [4]
distinguish betweenwhite andblackmodels, which
either are based on mathematical and physical prin-
ciples or have phenomenological approaches, re-
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Figure 1.2 Consideration of residual stresses within an integrated design approach. After [5].

spectively. In addition, there are gray mixed forms
of both types of models.

Figure 1.2 shows an integrated design approach
where residual stresses are utilized as a design cri-
terion. Here, a suitable manufacturing method is
chosenwithin a first process design step, depending
on the initial geometrical CAD data of the com-
ponent. The geometry is then optimized for the
chosen manufacturing method. Residual stresses
form due to manufacture processing steps. These
residual stresses must be modeled adequately. In-
herent model parameters, which include elastic-
plastic material behavior and production parame-
ters are identified. These model parameters need
to be accessible in order to correlate the process
design and induced residual stresses [6]. Model
and FEM simulation results must match residual
stress measurements. Hereby, the residual stress
model is calibrated. If the results are not coherent,

the residual stress model needs adjustments. After
successful calibration, residual stresses are super-
posed with defined load cases. Here, requirements
regarding loading limits must be met – otherwise,
the design circle is restarted by readjusting the pro-
cess and mechanical design. This way, a beneficial
and loading-appropriate distribution of residual
stresses can be achieved. [4]

1.4 Classification of Residual
Stresses by Length Scale

Commonly, residual stresses are classified regarding
their homogeneity over a specific length scale [3].
This approach averages residual stresses over char-
acteristic path lengths and directions. Here, homo-
geneity means that the residual stresses tend to be
constant along the characteristic path length and
direction [10]. Figure 1.3 presents these different
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Figure 1.3 Classification of residual stresses regarding their homogeneity over a specific length scale.

scales for type I to type III residual stresses. It de-
picts an arbitrary body that inherits compressive
residual stresses at its surface. The curve shows the
residual stresses in the y-direction along the inter-
secting x-axis.

Following a top-down approach, type I residual
stress is homogeneous over millimeters. Within
figure 1.3, this homogenous level is implied by the
bold dashed line and denoted byσI . Internal forces
which result from residual stresses of type I equili-
brate with respect to any arbitrary section plane
through the whole body. Thus, type I residual
stresses are often referred to as macroscopic resid-
ual stresses. Likewise, associated internal moments
disappear with respect to each axis. Disturbances
of the stress equilibrium, such as material removal,

always lead to macroscopic dimensional changes.
[3]

Type II residual stresses (σII ) are homogenous over
one grain or one partial grain, which is represented
by the thin dashed line in figure 1.3. The associ-
ated internal forces and moments are in equilib-
rium over a sufficient number of grains. Conse-
quently, they are also called mesoscopic residual
stresses. When this equilibrium is interfered with,
macroscopic dimensional changes can occur. [3]

In contrast, type III residual stresses (σIII) are in-
homogeneous over the smallest material ranges –
that is to say, within lattice dimensions. Associ-
ated internal forces and moments equilibrate over
grain size dimensions. Thus, they are called micro-
scopic residual stresses. When this equilibrium is
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Table 1.1 Taxonomy of residual stresses.

Type I Type II Type III

Homogenous macroscopic
residual stresses over millime-
ters

Homogenous mesoscopic
residual stresses over one
(partial) grain

Inhomogeneous microscopic
residual stresses over atomic
lattice spacing

Macroscopic dimensional change due to equilibrium disturbance

Yes Potentially No

disturbed, macroscopic dimensional changes do
not occur. Hence, their sphere of influence is lim-
ited to the typical lattice spacing. Table 1.1 sum-
marizes the aforementioned taxonomy of residual
stresses. [3]

At the moment, type I residual stresses are of
main interestwithin production engineering. They
are considered for practical evaluation regarding
superposition with stresses due to external load
forces. According to the previous definition, they
are macroscopic stresses and therefore may be in-
cluded within the framework of a continuumme-
chanics approach. In contrast, meso- and micro-
scopic residual stresses are more significant for ex-
plaining certain phenomena frommaterials science
and solid-state physics. However, the effects of
forming on microscopic residual stresses are the
focus of current studies and still need to be fully
understood [4]. [8]

1.5 Origins of Residual Stresses

Generally, residual stresses result from geometri-
cal misfits within different regions of a mechan-
ical part [11]. These misfits result from inhomo-
geneous elastoplastic deformations of varying na-
ture [8]. Whenever regions of a material try to
change their dimensions but are hindered in doing
so, residual stresses form [10]. The following sub-

sections present different formation mechanisms
of residual stresses of different types. They will
be detailed within the framework of characteristic
length scales.

1.5.1 Type I Residual Stress

One cause for type I residual stress is inhomoge-
neous plastic deformation due to external forces,
which is illustrated within a bending use case in fig-
ure 1.4. It shows a plastically deformed metal sheet
after springback as a dashed red line. Also, associ-
ated stress states over the thickness of the metal
sheet are depicted. Here, part a) represents the
stress state during loading as well as the fictitious
elastic stresses during unloading. Part b) shows the
resulting residual stress distribution after elastic
springback. It results from the superposition of the
load stresses and the fictitious elastic stresses due to
unloading. The maximum absolute values of the
fictitious elastic stresses are higher than the initial
load stresses due to the strain hardening of the sheet
metal surface. [10]

During forming, plastic tensile strains occur in the
upper edge region, whereas compressive strains
dominate in the lower edge region of the metal
sheet. Between both regions, mostly elastic strains
occur. After elastic relieve, the metal sheet springs
back into the end position. Since the upper edge
fibers were elongated during forming, the upper
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– σ +

a)

– σres +

b)

Figure 1.4 Type I residual stress: Formation
by elastic-plastic deformation and elastic spring-
back; a) Stress state under loading, b) Residual
stress state after springback. [10]

edge region inherits compressive residual stresses
during springback. Analogously, the lower edge
fibers were shortened, which results in tensile resid-
ual stresses within the lower edge region. [8]

Thermally induced residual stresses are another
form of type I residual stresses. When a metal-
lic body cools sufficiently quickly, these residual
stresses occur due to inhomogeneous plastic defor-
mations caused by a temperature gradient between
its edge and core regions. Furthermore, these inho-
mogeneous plastic deformations can be caused by
varying thermal expansion coefficients in different
cross-sectional areas. Residual stresses due to possi-
ble microstructure transformations are disregarded
here.

Figure 1.5 shows the temperature gradient during
cooling for an isotropic, conversion-free cylinder
and resulting residual stresses due to inhomoge-
neous plastic deformation. [3, 8] Here, the surface
initially cools faster than the core, so tensile stresses
develop at the surface and compressive stresses in

Time (log t)

Time (log t)

Core

Surface

Surface

Core

0

0

Temperature T in °C

Residual stress σres

Δϑmax

+

–

250

750

Figure 1.5 Type I residual stress: Formation by
plastic deformation due to temperature gradi-
ent. [8]

the core. This is due to the shrinkage of the faster
cooling surface layer onto the core [12]. The stresses
increase steadily during cooling and reach a maxi-
mum at the largest temperature differenceΔϑmax

between the edge and the core. If the hot yield
strength of the material is exceeded, inhomoge-
neous plastic deformation occurs due to the grow-
ing stresses induced by the varying temperature gra-
dient. With increasing temperature equalization
of the core and edge, the tensile stresses in the edge
and the compressive stresses in the core decrease
until a stress reversal occurs. At the end of cooling,
compressive residual stresses are present at the edge
region, and tensile residual stresses in the core. It
should be emphasized again that inhomogeneous
plastic deformation or constrained shrinkage must
occur in the process of cooling for residual stresses
to form. Otherwise, thermally induced stresses de-
crease to zero after cooling is completed. [3, 8]
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1.5.2 Type II Residual Stress

Residual stresses of type II are caused by the present
grain structure of metallic components. Respec-
tive elastically isotropic grains are randomly ori-
ented in the material under consideration. The
yield strength of the individual grains lies between
Rp0.2,min andRp0.2,max, which leads to an average
yield strengthRp0.2 of the entire crystal structure.
When a load is applied, the grains with lower yield
strength start to yield first. Onlywhen the load is in-
creased do the grainswithhigher yield strength start
to yield. As a result, the grains with a lower yield
strength undergo higher plastic deformations. Af-
ter elastic unloading, grains with low yield strength
are under compressive residual stress, while grains
with high yield strength are under tensile residual
stress. Type II residual stresses thus compensate for
these deformation incompatibilities during unload-
ing. [8]

σ

ε

Rp0.2,max

Rp0.2,min

Rp0.2

σmax
res

0

σmin
res

Figure 1.6 Type II residual stress: Formation
mechanism by yield strength anisotropy. [8]

Figure 1.6 shows the stress-strain relations after elas-
tic unloading. Following the curves for grains with
different yield strengths, the explained effect for
residual stresses becomes apparent. Consequently,
type II residual stresses ensure that the material re-
mains in a continuum state as long as no damage oc-
curs. In practice, grains are not elastically isotropic,
which amplifies the described effect. Analogous
considerations regarding heterogeneous tempera-

ture expansion coefficients at grain level are possi-
ble. Again, plastic deformation during cooling or
heating is a prerequisite for residual stresses to form.
[8]

1.5.3 Type III Residual Stress

Residual stresses of type III aremicroscopic stresses
caused by lattice distortions on an atomic level. Lat-
tice distortions are deviations from the ideal crystal
lattice structure. Dissolved foreign atoms, vacan-
cies, or dislocations cause these distortions. An
example is shown in figure 1.7 where a foreign atom
substitutes a regular lattice atom. Here, the reason
for the lattice distortion is to find within the vary-
ing atom radii of the substitution atom and the
regular lattice atoms. [3]

Figure 1.7 Type III residual stress: Formation
mechanism by lattice defect: Dissolved foreign
atom. [8]

1.6 Residual Stress Measurement
Methods

The measurement of residual stresses plays a major
role in the calibration as well as the validation of
models. All measurement methods have in com-
mon that the stresses are measured only indirectly
via occurring strains at various scales. The stresses
are then backcalculated with suitablematerial mod-
els [13]. Existing measurement methods can be cat-
egorized by the degree of sample destruction, the
volume characteristics, and the measurable type of
residual stresses [11]. In the following, the structure
follows the classification by destruction. Volume
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Figure 1.8Measuring principle of residual stresses by material removal or separation.

characteristics and the measurable residual stress
types are detailedwithin the chosen taxonomy. Due
to the introductory nature of this chapter, only a
selection of the commonly used methods is shown.
Table 1.2 summarizes the presentedmethodswithin
this chapter.

1.6.1 Destructive and Semi-destructive
Measurement Methods

Destructive and semi-destructive measurement
methods include the contour method and
hole drilling method, respectively. With semi-
destructive testing, specimens can possibly still be
used in field, whereas destructive testing produces
scrap. Both methods follow the scheme within
figure 1.8. The static equilibrium of the residual
stress state is perturbed by a material separation
or material removal. This causes the residual
stresses to redistribute in order to maintain the
equilibrium state [14]. This redistribution leads
to local or global deformations, depending on
the severity of material removal. Furthermore,
the methods of material removal or separation

must not introduce high new residual stresses into
the component – otherwise, the measurement
results will be strongly influenced [8]. Occurring
deformations are retrieved by suitable measuring
devices and inferred within a model which
backcalculates the original residual stress state. In
the following, both methods already mentioned
will be discussed in more detail. [15]

The contour method is a destructive measurement
method which gives an areal residual stress state.
Figure 1.9 presents the measuring procedure where
a specimen is cut into two pieces in a first step.
Consequently, residual stresses at the intersection
plane relax, leading to global deformations of the
cut pieces. These deformations are measured op-
tically and serve as input for a finite element sim-
ulation. Based on defined material behavior the
stresses needed to reproduce a flat intersection sur-
face are calculated. These calculated stresses rep-
resent the residual stress state of the intersection
plane. Thus, a global two-dimensional residual
stress state is retrieved at the cost of destroying the
specimen. [14]
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-

Figure 1.9 Contour method. a) Original
stresses b)Global deformation aftermaterial sep-
aration c) Calculated stresses to restore flat sur-
face [14].

Another widely used measuring method for resid-
ual stresses is the hole drilling method, which is
a semi-destructive method. Figure 1.10 presents
the procedure schematically. Here, a blindhole is
drilled incrementally into the specimen. If macro-
scopic residual stresses are relaxed, dimensional
changes of the borehole geometry result. This de-
formation is recorded with the aid of strain gauge.
It serves as input for the chosen backcalculation
model. Here, models often assume a planar resid-
ual stress state. This way, residual stresses in the
proximity of the blindhole can be deduced up to a
depth of 1mm. The hole drilling method is stan-
dardized by ASTM International [16]. [14]

1.6.2 Nondestructive Measurement
Methods

Diffraction methods, for example X-ray diffrac-
tion, allow for measuring residual stresses in a non-
destructive way. X-rays enable measurement the
distance between atomic planeswithin crystal struc-
tures. This method is based on Bragg’s law which
states:

kλb = 2d sin θ. (Equation 1.3)

a)

b)

Hole locationStrain gauge

Figure 1.10 Hole drilling method. a) Before
drilling, b) After drilling [14].

Here, k is an integer, λb is the X-ray wavelength, d
corresponds to the interatomic lattice spacing and
θ is the Bragg angle. [14]

The measurement principle is shown in figure 1.11.
Here, the angle θ is varied within a defined range.
Diffracted X-rays are shown as red dashed lines.
The angle at which the most intense radiation is
diffracted corresponds to the Bragg angle. With
the help of Equation 1.3 it is possible to calculate
the interatomic lattice spacing. Since there exists
a linear relationship between stresses and lattice
strains, residual stresses of type II and III can be
deduced by this procedure. [14]

Furthermore, there are nondestructive measure-
ment methods that do not depend on the measure-
ment of strains. Their underlying physical princi-
ple distinguishes them. For example, a magnetic
method is the measurement of Barkhausen noise
which is a phenomenon that occurs in ferromag-
netic materials such as iron and steel. Here, a fer-
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Table 1.2 Excerpt of measurement methods for residual stresses based on strains. [10]

Method Character Residual stress type Measured quantities

Contour method Destructive Type I Macroscopic surface
strains

Hole drilling method Semi-destructive Type I Macroscopic surface
strains

X-ray diffraction Nondestructive Type II & III Microscopic lattice
strains

romagnetic component is subjected to a changing
magnetic field which causes the material to be mag-
netized. Thus, the magnetic domains within the
material align with the applied magnetic field. As
the magnetic field changes, the component’s mag-
netic domains snap into new positions, producing
a series of small, discrete jumpswithin the hysteresis
curve – known as Barkhausen noise. Barkhausen
noise can be detected and analyzed to provide infor-
mation about the residual stress state of the com-
ponent. [14]

Also, acoustic measurement methods are non-
destructive techniques used to measure residual
stresses in materials. These methods are based on
the principle that the elastic properties of amaterial,
such as its speed of sound, are affected by residual
stresses. One standard method is the ultrasonic
pulse-echo technique. It involves sending an ultra-
sonic pulse into the material and measuring the
time it takes for the pulse to travel through the ma-
terial and return to the surface. The speed of sound
in the material is calculated from the time of travel,
and the residual stress can be determined from the
change in the speed of sound. However, there exist
uncertainties within this measurement principle as
the speed of sound is also affected by other micro-
structural characteristics – for example, grain size
or texture. [14]

d

θ
Variation of

Figure 1.11 Bragg’s law. [14]
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2 Thin-walled Product Forming

Erman Tekkaya, A.; Maaß, F.; Hahn, M.;
Volk, W.; Plötz, M.; Gilch, I.; Buhl, J.;
Liewald, M.; Heinzelmann, P.; Lampke, T.;
Winter, L.; Hirt, G.; Pavliuchenko, P.

2.1 Introduction

Sheet metal forming processes induce residual
stresses in formed parts that affect fatigue strength,
component failure, and even corrosion resistance
of the final part during operation. Residual stresses
are a major factor in the geometrical distortion of
particularly thin-walled formed parts and thus have
an enormous impact on the production of com-
plex, thin-walled parts. The SPP 2013 includes sev-
eral projects dealing with thin-walled sheet metal
forming, such as incremental sheet metal forming
processes, roll forming, combined deep drawing,
embossing, and embossing of electrical sheets (fig-
ure 2.1). The expert group Thin-walled Product
Forming coordinates joint work of the sub-projects
of the SPP 2013 for the targeted generation and use
of residual stresses focusing on sheet metal forming
processes of thin-walled components.

2.2 Residual Stress Prediction

The key to planning tailored component proper-
ties in an early stage of part design is an accurate
prediction of the residual stresses in the compo-
nent after the forming. An accurate estimation re-
quires suitable models. In Chapter 1, it was shown
that the prediction of the springback behavior is
essential for the accurate prediction of the resid-
ual stresses by numerical analysis. Especially for
conventional formingprocesses, with axisymmetric
product geometries, for instance bulk forming pro-
cesses such as cold extrusion, there are suitable nu-
mericalmodels for an accurate residual stress predic-
tion [1]. Sheet metal forming processes with com-

Figure 2.1 “Thin-walled Product Forming”
processes.

plex three-dimensional part geometries and multi-
level or incremental sheet forming operations are
challenging due to stress superposition, complex
stress gradients over the sheet thickness, or texture
influences. Accurate springback prediction in nu-
merical analysis to evaluate residual stresses makes
demands on material modeling. Material model-
ing depicts the elastoplastic material behavior in
the forming process and includes many parame-
ters, e.g., Young’s modulus and hardening behav-
ior, which determine the final geometry, and the
quality of the residual stress prediction. Determin-
ing the yield strength and Young’s modulus is a key
factor in predicting springback. The change in the
apparent Young’s modulus and the Bauschinger
effect as a function of plastic strain are of crucial
relevance for the prediction of springback and resid-
ual stresses.[2]
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2.3 Young’s Modulus

The value of Young’s modulus E is a material prop-
erty in Hooke’s law, where under a uniaxial load
the strain is proportional to the applied force.

E =
σ

ε
(Equation 2.1)

The Young’s modulus of a material is, according to
the laws of physics, unique for a givenmaterial com-
position. However, the apparent Young’s modulus
or more generally the elastic stiffness of the mate-
rial that is measured macroscopically might change
with processing. Hereforth, the term “Young’s
modulus” will be used for simplicity for the appar-
ent value. The stress-strain response of a material is
different under load and unloading. Young’smodu-
lus at unloading, referred to as the Chordmodulus,
is the linear relationship between the onset of un-
loading and the stress-free point at full unloading
(figure 2.2) [3]. The strain difference after unload-
ing indicates the elastic springback.

Figure 2.2 Stress-strain curve indicating elastic
springback behavior, after [4].

Young’s modulus is influenced by the properties of
the specimen [5]:

� Orientation of the grains relative to the direc-
tion of stress

� Grain size

� Residual stress
� Preload history and
� Dimensions.

The effect of preload on Young’s modulus was de-
scribed in [5]. The E0–strain path of pre-strained
mild steel material (SPCC) under axial load is
highly nonlinear (figure 2.3). Average apparent
Young’s moduliEav decreases rapidly with increas-
ing pre-strain and they gradually approach asymp-
totic values. The difference between the initial
Young’s modulus of the first cycle and the last cy-
cle is up to 30% less. The effect of pre-strain on
the average Young’s modulusEav can be calculated
by:

Eav = (E0−Ea)1−exp[−ξεp0] (Equation 2.2)

whereE0 andEa stand for the Young’smodulus of
annealed and infinitely large pre-strained materials,
respectively, ξ is a material constant.

Figure 2.3 Average Young’s moduli and reverse
plastic strain for mild steel sheet (SPCC) [6].

For the experimental determination of Young’s
modulus, physical methods such as ultrasonic and
mechanical methods such as the tensile tests can be
used. To determine the Young’s modulus, the elas-
tic behavior of the material’s experimental stress-
strain curve must be clearly defined [7]. There are
severalmethods described in literature todetermine
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the material’s elasticity. A description of how to
determine Young’s modulus in uniaxial tensile test
is given by DIN EN ISO 6892 [8] and ASTM E 111
[5]. The method is based on a numerical determi-
nation of the best fit line for the elastic range (least
squares method) including the visual assessment
of the agreement between this best fit line and the
curve with the actual measured values, followed by
a recalculation with modified parameters, if nec-
essary. In cases where the material does not show
a linear elastic behavior, e.g., cast iron, or the re-
gression data are not of sufficient quality Young’s
modulus, a tangent modulus or secant modulus
can be determined as described in DIN EN ISO
6892-2.

2.4 Material Hardening

Material hardening and its modeling influence
residual stress prediction. Anisotropic hardening
behavior characterizes the transition of the initial
isotropic yield locus of a material to an anisotropic
one in the case of a linear strain path [9]. The
Bauschinger effect describes that the yield stress of a
plastically deformed material under compression is
less than the yield stress before unloading in tension
[10]. If this phenomenon is not considered in the
material modeling, errors will inevitably occur in
the prediction of residual stresses. Two models for
modeling hardening effects are discussed below.

2.4.1 Isotropic hardening

A plastic deformation leads to an isotropic expan-
sion of the yield surface according to:

σf = σf (ε̄, ...) (Equation 2.3)

The current flow stress σf , which according to that
equation corresponds to the radius of the yield
cylinder in the deviatoric stress plane, depends on
the accumulated or equivalent plastic strain ε (fig-
ure 2.4a). Hardening evolves equally in all direc-
tions.

2.4.2 Kinematic hardening

Plastic deformations lead to a translation of the
yield surface without altering its size and shape (fig-
ure 2.14b). The translation is symbolized by the
relation

f = σ̄(σ −α), (Equation 2.4)

where the back stress tensorsσ andα corresponds
to the current position of the yield surface center in
the stress space. Most metals exhibit a combination
of isotropic and kinematic hardening according
to:

f = σ̄(σ −α)− σf (ε̄, ...) ≤ 0 (Equation 2.5)

Figure 2.4 Yield surface for a) isotropic harden-
ing, b) kinematic hardening.

DFG Priority Program 2013



Thin-walled Product Forming | 27

This type of hardening is most frequently referred
to asmixedor combinedhardening. The exact hard-
ening behavior is defined by the evolution equa-
tions of the back stress tensorα (kinematic harden-
ing part) and the current flow stress σf (isotropic
hardening part).

2.5 Benchmark Material
Characterization

Within the expert group “Thin-walled Product
Forming” benchmark tests are performed to com-
pare the influence of material characterization and
material model on the residual stress prediction for
different forming processes.

2.5.1 Test Setup and Basic Material Data

The benchmark material is HC460LA (1.0574), a
cold-rolled micro-alloyed steel with an initial sheet
thickness of s0 = 1.5mm. The material is char-
acterized using standard tensile tests, cyclic tensile
tests, and monoton/cyclic in-plane torsion tests to
determine Young’s modulus change with increas-
ing strain and the material’s hardening behavior.
The tensile tests were performed on a Zwick Roell
Z250 universal testing machine at room temper-
ature according to DIN EN ISO 6892-1 [8]. Us-
ing standard tensile tests, with a tactile measuring
device, the initial yield strength was determined
σf 0 = 495MPa and the ultimate tensile strength
σUTS = 582MPa (figure 2.5).

Young’s modulus is evaluated at three angles rel-
ative to the rolling direction (figure 2.6). The
given values are mean values of three repetitions.
The highest Young’s modulus is measured 90◦ to
the rolling direction E90◦ = 232GPa, and the
lowest Young’s modulus is measured 45◦ to the
rolling direction, E45◦ = 207GPa. This can be
assumed as an initial average Young’s modulus of
E0 = 219MPa.

Cyclic tests were performed with different material
characterization methods, measuring equipment,
and evaluation methods to determine the change

Figure 2.5 Uniaxial tensile test evaluation of
HC460LA.

Figure 2.6 Young’s modulus evaluation of
HC460LA.

of Young’s modulus with increasing strain. The
setups used is:

� Uniaxial tensile test with strain gauge measure-
ment.

� Uniaxial tensile test with thermocouple temper-
ature measurement (class A and class B).

� In-plane torsion test with optical DIC strain
measurement.

For the strain gauge measurements, strain gauges
were applied to the middle of the measuring length
on the surface of the pre-stretched samples in order
to record the strains during the cyclic test in three
strain areas (figure 2.7). The recorded stress-strain
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development shows a decreasing Youngs’smodulus
with increasing pre-strain.

Figure 2.7 Cyclic uniaxial tensile test of
HC460LA using strain gauge measurement set-
up.

The cyclic uniaxial tension tests with thermal
Young’s modulus measurement use an approach
described in [11] to determine the onset of yield-
ing. This temperature-dependent minimization
method uses the relation between the onset of plas-
tic yielding and the thermo-elastic effect on amicro
level.

Figure 2.8 Cyclic uniaxial tensile test of
HC460LA using thermocouple temperature
measurement (class A).

The determination of the elastic part of the stress-
strain curve is thereby physical based and repeatable
accurate by determine the local thermal minima

during the tensile test. The specimen’s temperature
change during uniaxial tensile tests ismeasured by a
clip-on temperature couple during the experiment.
Twodifferent setupswere used for stress-strainmea-
surement:

� An optical 3D measurement system GOM
Aramis-4M combined with a clip-on tempera-
ture couple (class A) (figure 2.8).

� An optical laser measurement system Zwick
laserXtens Array HP combined with a clip-on
temperature couple (class B) (figure 2.9).

Figure 2.9 Cyclic uniaxial tensile test of
HC460LA using thermocouple temperature
measurement (class B).

Additionally, cyclic tests were performed using an
in-plane torsion test according to [12]. Where the
specimen is a circular sheet sample. It is clamped
concentrically on the outer rim and in the central
area back-and-forth. By planar rotation the outer
fixture is rotated against the inner ones. The strain
development is measured by DIC. The HC460LA
material with an initial sheet thickness of s0 =
1.5mm is led in 25 cycles while the stress-strain re-
sponse is measured (figure 2.10). Young’s modulus
can be calculated using the in-plane torsion test
through the relationship of shear modulusG and
Youngs’ modulus E, taking Poisson’s ratio ν into
account:

G =
E

2 · (1 + ν)
(Equation 2.6)
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Figure 2.10 Cyclic in-plane torsion test of
HC460LA.

2.5.2 Results

Based on the cyclic test, the evolution of Young’s
modulus with increasing prestrain is evaluated for
the benchmark material (figure 2.11). The number
of cycles and the accumulated strain values are dif-
ferent for the specific test. The strain increments
evaluated differ from four cycles for the strain gauge
measurement to 10 cycles and evaluation points for
the in-plane torsion test. The benchmark mate-
rial used is from the same batch. According to the
quasi-static uniaxial tensile test with tactile strain
measurement, the initial Young’s modulus for the
first cycle varies between E0 = 192GPa for the
temperature-based onset of necking method to
E0 = 233GPa for the in-plane torsion test re-
sults. The average initial Young’s modulus for all
analyzed methods isE0 = 214GPa. As described
in [10], Young’s modulus is decreased drastically
within the first few cycles up to a strain value of
ε = 0.08 and on the average up to 21%. After
that point, the decrease in Young’s modulus is sat-
urated for the analyzed material. The test with the
highest accumulated strain is the in-plane torsion
test. The evaluated Young’s modulusE10 for the
final cycle is 31% reduced compared to the initial
Young’s modulus.

Figure 2.11 Evolution of Young’s modulus with
increasing pre-strain for HC460LA.

2.5.3 Conclusion

The state of the art and the benchmark test indicate
the importance of Young’s modulus on residual
stress prediction. In benchmark material character-
ization tests for the material HC460LA (1.0574),
the influence of the material testing method has
been quantified. Depending on the testingmethod,
the difference in the initial Young’s modulus value
is up to 21%. The strain sensitivity for the mate-
rial HC460LA on Young’s modulus was shown
for all testing methods. The Young’s modulus is
decreased up to 31%within the range of the pre-
strain investigated.

2.6 Benchmark Numerical Analysis

Thebenchmarkmaterial characterization indicated
a wide range of variation of 21% in relation to the
value of the initial Young’s modulus and the im-
portance of its change with an increasing strain
induced during the forming process. A numeri-
cal process analysis is set up to quantify the influ-
ence of Young’s modulus on the numerical resid-
ual stress prediction. The processes and process
models are extracted from the sub-projects as de-
scribed in Chapter 2. The numerical benchmark
test includes the single point incremental sheet
forming process (SPIF), embossing and combined
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deep drawing and embossing. The benchmark ma-
terial is the characterized cold-rolled micro-alloyed
steel HC460LA with an initial sheet thickness of
s0 = 1.5mm. Based on the same material data
obtained from a uniaxial tensile test with tactile
strain measurement, the stress-strain curve, initial
modulus of elasticity and Poisson’s ratio are used
for all numerical models to ensure comparability
of results. The influence of Young’s modulus is
analyzed numerically by changing the initial value
in a range of 10% to 20% of the experimentally
measured average value of218GPa. The estimated
value of 80% ofE0 isE0.8 = 174GPa and 90%
E0, which is equal to E0.9 = 196GPa. In ad-
dition to the variation of Young’s modulus, the
influence of the material hardening is investigated.
A process model with isotropic hardening behav-
ior and constant Young’s modulus is compared to a
processmodel using combined isotropic-kinematic
hardening. Evaluated is the influence of the hard-
ening rule on the resulting residual stress of the
formed part. The values for the HC460LAmate-
rial description in Abaqus are the following. The
density is estimated to 
 = 7.85e−9 t/mm3 and
the initial yield strength is σf 0 = 495MPa. The
initial Young’s modulus is E0 = 218GPa. The
combined isotropic-kinematic hardening model,
by Lemaitre and Chaboche [10] is used. The mate-
rial parameters are determined inversely using cyclic
loading toQ∞ = 98MPa and b = 10.11. Where
Q∞ is the yield surface change in dependency of
the material parameter b:

σf = σf 0 +Q∞(1− e−bε̄) (Equation 2.7)

2.6.1 Incremental Sheet Forming

As described in figure 8 truncated cone geome-
tries are manufactured by the process of single
point incremental sheet forming (SPIF). The tar-
get geometry of the cones with an initial diameter
D = 65mm and a heighth = 15mm is formed in
quadratic sheets with an edge length l = 130mm
in a one-step process. The residual stresses are eval-
uated in the middle on the inside (tool side) and
on the outside (non-tool side) of the cone. The
residual stresses are evaluated in two directions at
the same evaluation point, in the circumferential
direction σt and in radial direction, σr (figure 2.12).

The two-step numerical model consists of the man-
ufacturing step followed by an unclamping step
to evaluate the final residual stress in the load-free
state. The final part geometry is kept constant for
all different setups.

Figure 2.12 Residual stress depending on
Young’s modulus and hardening model (non-
tool side) for incremental sheet forming.

On the outside of the truncated cone produced by
SPIF, there are compressive stresses for all stress
components andmaterial models used (figure 2.12).
First, the results with combined isotropic kine-
matic hardening are evaluated. For the initial
Young’s modulusE0 = 218GPa, there are com-
pressive residual stresses of σt = 279MPa in the
circumferential direction and σr = 343MPa in
the radial direction (figure 2.13). These compres-
sive residual stresses are monotonously decreas-
ing with decreasing estimated Young’s modulus.
For the lowest estimated value E0.8 = 174GPa
with a 20% reduced Young’s modulus, the residual
stresses are evaluated in the same geometric point
as σt = 217MPa in the circumferential direc-
tion and σr = 301MPa in the radial direction.
Regarding the change in residual stresses depend-
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ing of Young’s modulus, the adjustment of 10%
decreased initial Young’s modulus leading to a de-
crease of 11% in residual stress on the non-tool
side of the component.

Figure 2.13 Truncated cone geometry pro-
duced by Single Point Incremental sheet form-
ing (SPIF).

A further decrease in Young’s modulus totaling
20% generates reduced residual stresses in both
directions of about 23%. For the investigated ma-
terial model and boundary conditions, there is an
equal trend of residual stress reduction caused by
the decreasing Young’s modulus on the non-tool
side of the component. If the material hardening
model is considered, additionally it can be seen,
that the residual stress prognosis using isotropic
hardening, without the Bauschinger effect, leads
to higher residual stresses compared to the com-
bined isotropic-kinematic hardening model (fig-
ure 2.13). The residual stresses for the initial
Young’s modulusE0 = 218GPa are compressive,
σt = 482MPa in the circumferential direction
and σr = 429MPa in the radial direction. Ac-
cording to the results using the combined isotropic-
kinematic hardening model, the residual stress pre-
diction is decreased simultaneously with decreasing
estimated Young’s modulus.

The residual stresses on the inside of the truncated
cones (tool-side) are tensile residual stresses for
all stress components and material models used

Figure 2.14 Residual stress depending on
Young’s modulus and hardening model (tool
side) for incremental sheet forming.

(figure 2.14). Concerning the material harden-
ing model used, the combined isotropic-kinematic
hardening model leads to lower residual stress val-
ues than does the isotropic hardening model. The
difference is equal to the values on the non-tool side
of the component. The average difference is about
32%. According to the trend on the non-tool side,
the tensile residual stress amplitudes on the non-
tool side are monotonously decreasing, if the initial
Young’s modulus is reduced. If the Bauschinger
effect is taken into account, the residual stresses are
reduced by an average by 15% for 90% E0 and
27%, if 80% of Young’s modulus are assumed.

2.6.2 Combined Deep Drawing and
Embossing

In a combined deep drawing and embossing pro-
cess, a metal strip of HC460LAmaterial is formed.
The process and the final shape are shown in fig-
ure 2.15.

In the numerical analysis, based on the benchmark
material data, the influence of Young’s modulus
and the material hardening model used is analyzed.
Six different numerical models are built up. The
resulting residual stresses in the bend and embossed
area are evaluated in the x-direction on both sides
(upside and downside) of the part in the indicated
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Figure 2.15 Numerical residual stress analysis
of deep drawn and embossed profile part.

cross-section (figure 2.15). The residual stresses of
the formed component directly influences its ge-
ometry and vice versa. The key criterion for the
part shown in (figure 2.16) is the resulting bending
radius. A numerical analysis of the bending radius
after the forming process is made (figure 2.15). Re-
garding the change in Young’s modulus, there is an
increase in bending radius with decreasing Young’s
modulus. The change is higher for the isotropic
hardening model used, without considering the
Bauschinger effect (figure 2.17).

Figure 2.16 Change in bending angle α after
springback.

Figure 2.17 Bending radius depending on
Young’s modulus and material hardening
model.

An initial Young’s modulus of E0 = 218GPa
leads to a changed bending radius of ΔR =
0.06mm. Taking kinematic hardening into ac-
count, a 20% decrease of the initial Young’s mod-
ulus E0.8 = 174GPa leads to an increase in the
bending radius of about 40%. If the initial Young’s
modulus is higher,E0.9 = 198GPa, this 10% de-
crease in Young’s modulus cause a change of 29%
in the bending radius.

Figure 2.18 Residual stresses along the bending
area upside of the part depending on Young’s
modulus (tool side).
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If the residual stresses are evaluated in the bending
area in the y-direction (figure 2.15), there are maxi-
mum tensile stresses on the upside (figure 2.18) of
the bent part and maximum compressive residual
stresses on the downside of the part (figure 2.19).
Regarding the range of Young’smodulus change of
10% to 20% ofE0 = 218GPa, residual stresses
increase with a higher Young’s modulus for this
process on both sides of the part. The lowest resid-
ual stress amplitudes are measured in the middle
of the path. Here the largest increase in residual
stresses depending onYoung’smodulus can be seen.
A change in the initial Young’s modulus by 20%
leads to an increase in residual stresses of about
30%, especially on the tool side.

The residual stresses at the bottom of the deep-
drawn and embossed profile shown in figure 2.19
demonstrate how the tensile stresses induced by
the forming process counteract the compressive
stresses induced by the forming process so that
fewer compressive stresses are induced in the cen-
ter of the specimen than would be expected. The
opposite effect can be seen in the edge regions. In
these areas, where the embossing cannot be repro-
duced as distinctly as in the central area due to the
manufacturing process, the compressive stresses are
much higher.

Figure 2.19 Residual stresses along the bend-
ing area downside of the part depending on the
Young’s modulus (non-tool side).

For a better understanding, figure 2.20 and fig-
ure 2.21 show the maxima of the results from the

variation of the elastic moduli. The influence of
the change inmaterial properties, in terms of strain
hardening, on the residual stresses introduced by
the embossing can be seen here, particularly in the
middle.

Figure 2.20Maximum residual stresses of the
simulations along the bending area upside of
the part depending on the material hardening
model (tool side).

Figure 2.21 Maximum residual stresses of the
simulations along the bending area downside of
the part depending on the material hardening
model (non-tool side).
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Figure 2.22Numerical residual stress analysis
of embossed part.

2.6.3 Embossing

The effect of Young’s modulus for an embossing
process is analyzed numerically by embossing mul-
tiple points into the material (figure 2.22). A four-
sidedpyramidal geometrywith a tip angle of136.5◦

and a flat die were used as embossing tool. 100
embossing points were fabricated with equal dis-
tance in a squared areas. The residual stress distri-
bution along the x-axis (figure 2.22, path 1) of the
embossed areas averaged over the sheet thickness is
plotted. The maximum absolute principal stress is
split into tensile and compressive stress. The max-
ima of compressive stress in x-direction appear next
to the embossing points. With an increasing as-
sumed Young’s modulus the amount of compres-
sive residual stresses is increased, too.

For the residual stress distribution along the x-axis
(figure 2.22, path 2) of the unembossed areas, the
value averaged over the sheet thickness is plotted.
The maximum absolute principal stress is split into
tensile and compressive stress. The maximum ten-
sile stress in the x-direction occurs near an emboss-
ing point. As already shown for the embossed ar-
eas, with increasing assumed Young’s modulus the

Figure 2.23 Residual stresses along path 1 of the
embossed area depending on Young’s modulus.

Figure 2.24Residual stresses along path 2 of the
unembossed area depending on Young’s modu-
lus.

tensile residual stresses are increased in the unem-
bossed area.

2.6.4 Conclusion

In a benchmark comparison, the material
HC460LA (1.0574) was characterized cyclically
and monotonically. With increasing pre-strain the
Young’s modulus of the material decreased up to
31%. Depending on the characterization method,
there are differences of up to 21% for themeasured
initial Young’s modulus. Material characterization
is essential for an accurate numerical residual
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stress prediction. To determine the influence of
the initial modulus of elasticity on the residual
stress prediction, a representative variation of
the modulus of elasticity on the residual stresses
was analyzed in a benchmark test. A process
of incremental sheet metal forming, embossing
and combined deep drawing and embossing was
analyzed. A reduction of Young’s modulus by
20% results in a monotonous decrease in the
residual stresses near the surface by up to 23%. If
the Bauschinger effect is taken into account in the
material modeling, the predicted residual stresses
are reduced by up to 27%.
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3 Residual Stresses in Bulk Forming

Groche, P.; Franceschi, A.; Siedbürger, C.

The generation and development of residual
stresses in a mechanical component manufactured
by hot and cold forming processes are closely re-
lated to the process chain of itsmanufacture. Resid-
ual stresses influence both the static and the dy-
namic lifetime and the behavior of the components.
Although basic knowledge about the development
of residual stresses exists, there are currently still nu-
merous gaps in our knowledge about the possible
targeted influence of the stress distribution. Due to
the non-uniform plastic strain distribution of com-
ponents manufactured by means of bulk forming
processes, a prediction of residual stresses in this
context is only possible to a limited extent. In addi-
tion, the effects of the types of residual stresses on
the performance of components subjected to com-
plex stresses have not yet been fully clarified. The
Working Group Thick-Wall comprises the seven
projects of the SPP2013 programmentioned below,
see table 3.1. The focus of these projects is on the
investigation of bulk forming processes in which
residual stresses are generated during the produc-
tion of components due to a three-dimensional
stress and strain state.

3.1 Classification in Bulk Forming

The bulk forming family includes a variety of differ-
ent manufacturing processes. An initial distinction
is made on the basis of the process temperature:
Cold, semi-hot and hot forming. In hot forming,
forming temperatures above the recrystallization
temperature are commonly used for steels, i.e., in
the ranges from 900 ◦C to 1,200 ◦C [1]. At this
temperature level, the forming forces are reduced
due to lower material strength and dynamic recrys-
tallization, i.e., there is an immediate compensation
of strain hardening. The additional increase in elon-
gation at break allows higher degrees of forming
and the production of more complex geometries.

Table 3.1 Overview ofWorking Group „thick
wall“

Forming process Authors/Institution

Cold extrusion LFT: Jobst, A.;
Merklein, M.

Hot forming IFUM: Kock, C.;
Behrens, B.-A.

Cross rolling FF: Guilleaume, C.;
Brosius, A.

Rotary swaging bime:Ortmann-
Ishkina, S.; Kuhfuß,
B.

Wire drawing IWU: Selbmann,
R.; Bergmann, M.

Cold extrusion and
Bending

PtU: Franceschi, A.;
Groche, P.

Near-Net-Shape-
Blanking

utg:Nürnberger,
A.; Volk, W.

Furthermore, a very fine-grained micro-structure
based on dynamic recrystallization effects is possi-
ble by adjusting process parameters such as forming
temperature and forming speed. These effects are
used to increase the strength of the components.
Typical representatives of bulk forming are open-
die forging or closed-die forging [2]. In contrast,
cold forging is characterized by a better surface fin-
ish, smaller achievable tolerances and work hard-
ening, but higher process forces and tribological
stresses are present due to the lower processing tem-
peratures [3]. A seconddistinction ismade between
tool-bound and incremental forming. Tool-bound
forming processes are processes in which the part
geometry is generated in a continuous process and
this depends exclusively on the geometric shape of
the die. Examples of the die-bonded forming pro-
cesses arewire drawing, extrusion or closed-die forg-
ing. In contrast, in incremental bulk forming, the
final shape of a component is determined mainly
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Hot forming Wire drawing Cross rolling

Bending &
Full forward extrusion

Rotary swaging Forward rod extrusion Near-Net-Shape-
Blanking

Figure 3.1 Thick-WalledWorking Group

by the die kinematics. In these processes, defor-
mation is limited to areas of the workpiece at any
given time, and the formed area undergoes more
than one loading and unloading cycle during the
forming process. Incremental plastic deformation
affects not only the geometry, but also the static
and dynamic strengths through work hardening as
well as the generation of residual stresses [4]. Ex-
amples of incremental bulk forming include rotary
swaging and thread rolling, which are industrially
established incremental forming processes. Last,
some bulk forming processes use not only rotation-
ally symmetric bars and dies, but also sheet metal
[5]. A typical example is sheet extrusion, which
uses a punch and die to deform amaterial [6]. This
process is closely related to the stamping process,
with the difference that in the latter the sheet is
separated. Breakage in a stamping process can be
minimized by fine blanking. Here, high compres-
sive stresses are generated to achieve cut edges with-
out a broken surface. In contrast to conventional
stamping, completely smooth surfaces are achieved
[7]. Consequently, a clear differentiation between
bulk forming and sheet metal forming based on the
geometry of the component is not clear. A better
classification is given by the definition through the
stress and strain state of the components: While in

sheet metal forming the stress condition is mainly
a plane stress state, bulk forming processes are char-
acterized by a three-dimensional stress and strain
state [8].

Compared to other manufacturing technologies,
the processes of bulk forming are characterized by
clear advantages for industrial application: lowunit
costs, high production rates and favorable product
properties [9]. From an environmental point of
view, bulk forming also exhibits significantly higher
resource and energy efficiency compared to subtrac-
tive and additive processes [10]. The high material
input in forming processes leads to low production
costs for raw materials per cost of manufactured
parts compared to machining processes [3]. On the
other hand, bulk forming is characterized by com-
paratively high process forces, which lead to high
investment costs for machines and tools. In addi-
tion, these processes are generally characterized by
lower flexibility.
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Figure 3.2 Overview of the specimens in the initial state

3.2 Potential Benefit of
Forming-induced Residual
Stresses

In addition to the shape and material properties,
residual stresses are also influenced in bulk forming
processes. The residual stresses resulting in the pro-
cess have a considerable influence on the material
properties, which are discussed in chapter 3.6. In
particular, residual stresses close to the surface im-
prove the fatigue life, the development of corrosion
as well as workpiece distortion. [1, 2, 11] Since resid-
ual stresses can be significantly affected by control-
ling the forming and material parameters, knowl-
edge and deeper understanding of the underlying
mechanisms are essential to ensure optimized and
reliable process and manufacturing design. How-
ever, this aspect is not yet consciously used in many
industrial process chains. Instead, additional ma-
chining steps are usually carried out to reduce the
effects of unfavorable residual stress conditions and
their negative consequences on component proper-
ties. Heat treatment steps such as stress relieving are
used to reduce tensile residual stresses at the surface.
To introduce residual compressive stresses on the
surface, the manufactured components are shot-
peened or hard-rolled in a subsequent processing
step. For example, the maximum load cycle of an
aircraft rimuntil reaching a critical lengthwas quin-
tupled by hard rolling and the occurrence of corro-

sion of a shot-peened pipelinewas prevented. [12, 13,
14] However, both options lead to an extension of
the process chain, thus affecting the economics of
the process and reducing overall resource efficiency.
Within the expert group, various bulk forming pro-
cesses were examined with regard to their poten-
tial for unused residual stresses. These include the
forming strategies that can be used to specifically
influence the residual stresses already in the process,
the component property improvements due to the
forming-induced residual stresses, and the residual
stress stability.

3.3 Reproducibility of the Initial
State

The following questions are related with the
forming-induced residual stresses and the influence
of the residual stresses in the initial state: Is it pos-
sible to produce a reproducible initial state in the
workpiece? What influence does a changed residual
stress distribution in the initial state have on the re-
sult after the forming process? To analyze this issue,
investigations were carried out on the initial state
of the various forming processes as illustrated in
the overview in table 3.1. For this purpose, samples
of one batch each were produced, the individual
samples were subsequently stress-relief annealed
at the IFUM Institute, and at the end the resid-
ual stress state was checked by X-ray diffraction.
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Figure 3.3 Simulation of the influence of residual stresses for the combination of forward extru-
sion and rotary swagging from [15].

The result of this study is shown in the figure 3.2.
From the analysis of the individual samples, non-
negligible variations in the initial state can be seen,
with the individual residual stress states fluctuating
around the value of 0MPa. In particular, for the
material specimens from IWU and bime, absolute
scattering of up to 150MPa results in both the
tensile and the compressive directions. The fluctu-
ations in the residual stress state can be attributed
to inhomogeneities in the microstructure as well
as to the manufacturing process, so that no com-
plete relaxation of the residual stresses occurs due
to the subsequent heat treatment process. On the
other hand, the deviation can also be attributed to
the measurement error caused by the X-ray diffrac-
tion itself. [16] Based on the data, it can first be
concluded that the residual stresses in the initial
state are not reproducible, since unavoidable fluc-
tuations occur. Of particular interest, however, are

the effects of the different residual stress states on
the result after the forming process. Numerical
studies have been carried out to investigate this as-
pect in order to clarify the sensitivity of a varying
residual stress state to the result after the forming
process. Numerical FE investigations by Franceschi
[15] are plotted in figure 3.3, where a specimen was
reworked in each case with and once without resid-
ual stress profile by an additional rotary swaging
operation. The introduced residual stress profile
in the initial state was generated here by cold ex-
trusion, see figure 3.3 on the right. The individual
colors show the curves of the current residual stress
profile as a function of the normalized radius and
the respective radial infeedΔj. Since no feed rate is
set in the axial direction, an ever-increasing plastic
deformation and penetration depth are achieved
over the machining cycles at the specimen location
to be examined. Consequently, by superposition,
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compressive stresses increase in the area near the
surface, while tensile residual stresses are induced
in the core. What is striking is the range above a
certain number of machining operations at which
the residual stress profile no longer changes signifi-
cantly. If the results are compared with and with-
out residual stresses, the curves are similar. Two
basic definitions are essentially derived from this
fact: Above a slight plastic deformation, a super-
position of the stress values is achieved. This range
is defined as partial plastic deformation. Above a
certain level of deformation, a constant range is
reached where no significant change occurs even
after the increase in deformationΔj. This range,
on the other hand, is defined as fully plastic defor-
mation. As applied to the problem, there is thus
only a reproducible initial state in the blank when
a fully plastic forming takes place. Accordingly, the
original residual stress state is completely erased
and the final residual stress state is only influenced
depending on the process parameters. For this rea-
son, the final residual stress states are similar to the
figures 3.3 left and right. For partially plastic defor-
mation, on the other hand, only a superposition of
the deformation-induced residual stresses with the
initial state takes place. [15]

The application of the theory of fully plastic form-
ing was also verified by profile rolling and cold ex-
trusion. Here, in the first process, a specimen was
cold extruded and then the specimen was notched
by profile rolling. From the results on the notch, it
was shown that the residual stress condition intro-
duced by cold extrusionwas eliminated via the fully
plastic deformation during profile rolling. This was
deduced because, even by varying the residual stress
state after cold extrusion, there were no significant
differences in the final profile after profile rolling.

3.4 Strategies for the Manipulation
of Residual Stresses

In today’s processes, the possibility of specifically
influencing residual stresses in solid forming is not
yet used in a targeted manner. The modification
of the residual stress state is strongly dependent
on the respective process itself and it is not pos-

sible to derive a uniform guideline for the design
of residual stress-compatible process control from
the literature. On the one hand, this situation is
due to the large number of process parameters,
material properties and process control as well as
their complex interrelationship. On the other hand,
it is due to the measurement uncertainties and
the statistical nature of the residual stresses them-
selves [17]. From the cooperation of the individ-
ual projects, diverse knowledge of the individual
forming processes for manipulating the residual
stress state was collected and compiled. The aim
of the cooperation was to identify correlations be-
tween the individual process parameters and the
residual stresses. For this purpose, the respective
forming strategies were systematically subdivided
into a total of five categories, which are shown
schematically in figure 3.4. The individual forming
strategies are subject to the three mechanisms for
generating residual stresses: Inhomogeneous defor-
mation, temperature gradients and phase changes.
These have already been explained in chapter Ba-
sic Principles. For cold forging, inhomogeneous
plastic deformation is the most common mecha-
nism, so material flow plays a crucial role in influ-
encing the residual stress state. Depending on the
strain rate, forming-related phase changes also oc-
cur (e.g., forming martensite) and influence the
forming-induced residual stresses. Due to the low
process temperatures, effects caused by tempera-
ture gradients play a minor role in cold forging,
which is why they are disregarded in numerical sim-
ulations [18]. In contrast, hot forging is based on

Figure 3.4 Strategies to control residual stresses
in bulk metal forming
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the effects due to temperature gradients as well as
the associated phase changes in the microstructure.
Consequently, the crucial process factor is temper-
ature control, while the study of material defor-
mation reflects only a secondary aspect. At this
point, it should be emphasized that the subsequent
forming strategies are strongly dependent on the
material configuration. Thus, it cannot be ruled
out that the transferability of the findings will lead
to contradictions.

Tool Optimization

In certain cold forming processes, it is possible to
control the material flow by modifying the die ge-
ometry and thus to adjust residual stress states by in-
fluencing the deformation speed of thematerial. In
particular, it is conceivable to reduce tensile stresses
that occur by controlling the material flow by re-
ducing inhomogeneities in the plastic deformation.
For impact extrusion, this is possible by adjusting
the geometry of the die. Here, a small opening an-
gle leads to a more homogeneous velocity field in
the forming zone, resulting in a reduction of the fi-
nal residual stress state and in a reduction of tensile
stresses at the surface [22]. The same phenomenon
is observed for radial cold forging, where optimiza-
tion of residual stresses is achieved by reducing the
angle of entry [23]. An extension of the studies
for the opening angle was carried out for extrusion,
where for an identical degree of deformation the
inlet angle was designed concave and convex, re-
spectively. In addition to the influence of residual
stresses, a forming-induced phase transformation
also occurs, which is determined by the design of
the die opening [19, 24, 25]. Among other things,
the influence of the proportion of martensite and
austenite formed is determined. The influence of
tool geometry on flow behavior is also transferable
for fine blanking [20]. By using different cutting
edge preparations, the material flow can be con-
trolled, whereby a redistribution of residual stresses
occurs for the blank as well as for the fine-cut sheet
strip. Preferably, higher compressive stresses are
generated in the sheet strip by a round punch edge,
whereas this effect is reversed for the blank. Investi-
gations into the formation of residual stresses dur-
ing rotary swaging showed instead a dependence

of the stress state on the process parameters. In
this technology, the formation of intrinsic material
properties is closely correlated with the extremely
complex material flow that characterizes this pro-
cess [26]. Incremental plastic forming affects not
only the geometry, but also the static and dynamic
strengths through strain hardening and the intro-
duction of residual stresses [27]. In this context,
inhomogeneous conditions can affect the different
areas of the surface of the workpiece. It was shown
that not only the shape of the tool but also the
tool kinematics have an influence on the residual
stresses. As an example, it was shown that when
the rotary swaging tool and the workpiece rotate
at the same angular velocity, a more homogeneous
residual stress profile is achieved in the z-direction.
[28]

Alternative Process Execution

With alternative process control as the second strat-
egy, extensions within the conventional process are
to be understood. The extensions include, on the
one hand, the use of active elements and, on the
other hand, the exploitation of the phenomenon of
stress superposition. Thus, alternative process con-
trol is to be understood as a temporal, path-bound
or force-bound process extension. The addition
and subtraction of residual stress states are subject
to the theory of full forming and partial forming,
which have already been explained in chapter 3.3.
Two examples of this approach with respect to cold
extrusion are presented in this section. Franceschi
et al. have shown that an active counter punch can
significantly reduce axial and tangential residual
stresses in extruded components and avoid subse-
quent heat treatment [29]. Here, the ejector, which
is normally activated only after the first forming
process is completed, is actively controlled to ap-
ply an axial counterforce to the workpiece during
extrusion. Similar to changing the opening angle,
the difference in material flow between the center
and surface of the workpiece is affected. By con-
trolling the material flow, stress control is achieved,
reducing stress gradients in the calibration zone
in particular. In [30], a second alternative process
control for cold extrusion was investigated. In con-
trast to the previous process control, in this case
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Figure 3.5 Possibilities for tool optimization. a) Extrusion [19], b) Fine blanking [20], and c)
Rotary swaging [21].

Figure 3.6 Options for alternative process control: a) Use of an active counter punch, [29] b) Use
of active reinforcement, [30] and c) Adaptation of tool paths for cross-rolling, [31].

the residual stress state is not set directly during
the forming process, but during the subsequent
ejection of the workpiece. It is known from the
literature that the extruded part, which is pushed
through the calibration zone a second time during
ejection, undergoes a second plastic deformation.
After this step, the tensile residual stresses on the
surface of the specimen in the axial and tangen-
tial directions are usually significantly reduced [32].
This is especially true after ejection. The reason for
this is the lower degree of deformation experienced
by the specimen in the ejection phase, and was ex-
plained by Tekkaya in terms of the “extreme layer”

theory [32]. By adjusting the tooling system, it is
possible to adjust the preload during ejection and,
based on this principle, to adjust the degree of defor-
mation during ejection. The active die system for
this alternative process control is shown in figure
3.6 b), where an inner conical reinforcement can
be displaced via an outer conical sleeve by means
of an internal drive system in the press. In this way,
the radial infeed of the internal die is adjusted, thus
enabling precise adjustment of the forming degree
in the ejection phase and finally an adjustment of
the superimposed residual stress state. In summary,
it is shown that by controlling both active elements,
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the final residual stress state in the manufactured
part is adjusted. For incremental forming, the alter-
native process control is introduced by selectively
changing the tool path. By adjusting the radial and
axial infeed during cross rolling over time, a change
in work hardening as well as plastic deformation is
possible. Consequently, the different deformation
speeds during cross rolling control the final residual
stress state [31].

Temperature Management

Temperature management represents the primary
forming strategy for hot forming in order to set
the final residual stress state. In [17], in addition to
the process temperature and cooling rate, different
materials and component geometries, which rep-
resent the process parameters of temperature man-
agement were investigated for this purpose. The
comprehensive material characterization by the au-
thors in [33] has shown that the plastic behavior, the
transformation-induced and the transformation-
plastic parameters of the twomaterials are different.
The investigations show that at the same process
temperature, the influence of the component ge-
ometry as well as the material used affect the final
residual stress state. With regard to residual stresses,
hot forming as a thermo-mechanically coupled pro-
cess basically offers the potential for several con-
trol parameters. However, a targeted adjustment
of residual stresses to improve component prop-
erties by combining defined forming parameters
with an adapted cooling strategy has not yet been
explored. From an engineering point of view, heat-
ing the workpiece prior to the forming process of-
fers an important advantage: All stresses previously
prevailing in the material are largely relieved by re-
crystallization and a new residual stress profile can
be generated in the process. In addition to process
parameters such as forming speed and degree of
forming, the forming temperature and the cooling
path also have an influence on the induced residual
stresses [17]. Higher residual stresses are due to the
change in austenite grain size caused by the form-
ing temperature. The higher austenitizing temper-
ature results in increased grain growth in the mate-
rial, leading to larger austenite grains [34]. The in-
creased grain size in turn leads to several effects. The

enlarged grains cause an increase in the martensite
start temperature and the martensite end tempera-
ture [35]. Due to the coarser structure of austenite
grains, the diffusion of interstitial atoms at the long
grain boundaries of the austenitic crystal lattice is
hindered and the diffusion-free martensitic phase
transformation is facilitated. Since the martensitic
transformation is adjusted with the setting of the
forming temperature, the proportion of retained
austenite can be influenced [36]. The resulting vol-
ume shift adjusts the strain gradients as well as the
final residual stress profile. In addition, since the
maximum possible residual stresses are limited by
the yield strength, increasing the proportion of the
harder martensitic phase and reducing the softer
austenitic phase can lead to an increase in residual
stresses. These effects obviously conceal the fun-
damental reduction in yield stress that occurs as a
result of grain enlargement according to the Hall-
Petch [37] and [38] laws. In another study, the influ-
ences of the two different cooling media, water and
air, for cooling after hot forming at 1,000 ◦C on
the resulting residual stresses [17] were investigated.
Here it is shown that the diffusion-controlled phase
transformation is influenced by the different cool-
ing media. At fast cooling rates, such as with water,
the formation of martensitic tetragonal lattice mi-
crostructures is favored, while at slow cooling rates
the formation of body-centered cubic lattices with
bainitic microstructures is favored. Depending on
the cooling rate, the entire material microstructure
is adjusted, thus controlling the volumetric expan-
sion and the strain gradientswithin the component,
which ultimately results in a new residual stress
state.

Forming Speed

For cold forming processes such as extrusion, there
is no clear evidence in the literature of the possibil-
ity of influencing the residual stresses of the final
products by adjusting the forming speed. In [39],
it was shown that the forming and ejection speed
affects the temperature of the cold extrusion parts.
However, no correlation was found between the
forming speed and the residual stresses close to the
surface, since the deviations are in the range of mea-
surement uncertainty. In addition to temperature,
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the change in forming speed also affects the con-
ditions in the contact area between the workpiece
and the die. In particular, the sliding speed between
two surfaces affects the coefficient of friction μ. It
has been shown for most materials that the coef-
ficient of friction decreases with increasing speed
[40]. Studies by Franceschi et al. showed that with
an increase in forming speed there is a reduction
in near-surface tensile stresses. This effect is due
to the reduction of the frictional shear stresses at
the die opening, so that at the near-surface region
the material flow is affected less. For this reason,
analogous to die optimization, there is a greater ho-
mogenization of the material flow, which results
in a reduction of the residual stresses. Therefore,
as a general rule for cold forming, extremely low
forming speeds should be avoided. In this context,
investigations with different lubricants and friction
coefficientsm for cold extrusion were carried out
in [39]. For this purpose, it was shown that with
the change of the coefficient of friction at the same
forming speed, the material flow can be controlled
very tightly. With lubricants such as soaps, which
have significantly lower friction than conventional
lubricant systems, it was even possible to induce
compressive stresses in the surface. In hot forming,
on the other hand, the forming rate influences the
final stress state through various phenomena and
can lead to significant variations in residual stresses
in the specimens [41]. However, no general tenden-
cies can be derived from the investigations based on
the relationship between the forming speed and the
resulting residual stressesmeasured byX-ray diffrac-
tion. Rather, it is necessary to consider each pa-
rameter combination individually, since dynamic
recrystallization occurs in different forms in each
case study. Dynamic recrystallization means that
above a certain level the dislocations and lattice de-
fects caused by deformation are absorbed via the
resulting grain formation and growth. This leads
to a reduction in yield stress, reducing the required
process forces and increasing the maximum plastic-
ity of the material [2]. Depending on the relation-
ship between the temperature-dependent diffusion
rate and the forming rate, an austenitic microstruc-
ture is formed, resulting in varying levels of residual
stress. The influence of the forming rate and the
theory behind it can also be applied to incremen-
tal solid forming. In [21], curved rotary swaging

dies and increased the forming speed reduce com-
pressive stresses, while flat-formed dies relieve near-
surface tensile stresses at higher forming speeds. In
the depth direction (300 μm), however, the process
variation was largely independent of the forming
speed or the influence of the tool shape.

Design of the Forming Speed

The last forming strategy is based on the design of
the process in several forming steps. Analogous
to the modeling presented in chapter 3.3, the fi-
nal stress state results from the stress superposition
from the individual forming steps. Therefore, it is
possible to investigate different strategies to design
a residual stress compliant process chain by com-
bining the individual process steps. In particular,
it is possible to exploit the different stress develop-
ment by varying the degree of forming in order to
optimize the stress state after the final forming step.
However, the response of residual stresses to an
increase in the degree of forming in cold and hot
forming processes is very different. For cold form-
ing, the forming and unloading sections are impor-
tant in this respect, and the restrictions to influence
springback during unloading are also crucial. Con-
sequently, the two sections are closely related to
inhomogeneous plastic deformation, so that these
process stepsmust be studied separately. Todemon-
strate the point, the conventional two-stage process
for full forward extrusion is considered, with the
second forming stage describing ejection. Typically,
the final stress state is improved after the part is
ejected. Tekkaya, in [32], describes the effects of
this second deformation step on residual stresses
using a conceptual experiment. The extruded spec-
imen during ejection can be modeled as a tensile
test, as shown in figure 3.7. The core of the part
consists of a solid body with residual compressive
stresses, while the surface is a hollow body with
residual tensile stresses. The shape of the stress-
strain curve during the different steps of the tensile
test is shown in figure 15b. Due to the initial stress
state, the surface reaches the plastic region (from
point A) much earlier than does the core of the
specimen, which is plastically deformed only from
point B onward. The deformation continues until
point C, where the specimen is then relieved. At
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this point, the strain range of the core is less than
that of the surface, which should be compensated
for when the external force is removed. However,
the constraints in this system force the core and
surface to be the same length at the end of the un-
loading phase. As can be seen in the diagram, this
results in a significant reduction in residual stresses,
which is oftendesirable for later use of the part. The
resulting residual stress state in a conventionally ex-
truded part is thus the result of the interaction of
the two different deformation characteristics, the
forming with large cross-sectional reduction and
the ejection process with small cross-sectional re-
duction.

Figure 3.7 Conceptual experiment to repre-
sent the mechanisms during the ejection phase
of full-forward extrusion from [32]: Setup of
the experiment (a) and stress-strain diagram
(b).

The example of extrusion shows how the super-
position of successive forming stages can be a suc-
cessful strategy for influencing residual stresses in
cold forming processes. In particular, it could be

advantageous to perform smaller degrees of defor-
mation in the final forming operation. This could
be of particular interest in incremental forming
processes, in which a higher degree of compression
deformation is achieved by stringing together sev-
eral loading and unloading steps. In these processes,
it would bemore target-oriented to adjust the form-
ing degree of the last process step in order to cali-
brate the residual stresses without negative effects
on the production times. However, such a strategy
has not yet been described in the literature for these
processes. The effects of the degree of deformation
are also important for hot forming. The influence
of this parameter on residual stresses in hot forming
processes was investigated in [41]. The specimens
were upset to two different final heights. Increasing
the upset distance resulted in a decrease in resid-
ual stresses. As the final height of the specimen
decreases, the degree of deformation of the mate-
rial increases and so does the number of disloca-
tions. As mentioned in the section on temperature
management, dynamic recrystallization occurs at a
critical degree of deformation. Nucleation forms
in the deformed areas, leading to the growth of new
austenite grains. The higher the deformation, the
higher the number of dislocations and the finer the
newly formed grains. Accordingly, depending on
the resulting grain size, the same effects were found
with a reduction in the forming parameter “degree
of deformation” as with the increase in forming
temperature described above.

3.5 Thermal Stability of
Forming-induced Residual
Stresses

In chapter 3.4, an overview of possible forming
strategies in bulk forming for different processes
was already discussed, which have a significant in-
fluence on the residual stress distribution in the
manufactured component. However, in order to
utilize the residual stresses introduced into the pro-
cess and thus influence component properties, two
conditions must be ensured. On the one hand, the
forming process must introduce a residual stress
state that improves the component properties in a
targeted manner. On the other hand, the residual
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stress state must be sufficiently stable under typical
operating loads over the product lifetime to verify
an improvement in properties. These operating
conditions include both mechanical and thermal
loads. Thus, there is a need to assess the two aspects:
Whether the forming-induced residual stresses re-
main unchanged and to what extent the residual
stresses evolve over time to validate their effective-
ness during service. In the literature, this issue is
also defined as residual stress stability. Numerous
studies already exist for residual stress stability un-
der mechanical cyclic loads, and the methodology
is discussed as an example in chapter 4 within the
mechanics section. For thermal residual stress sta-
bility, existing research on stress relief annealing
has already identified temperature ranges at which
residual stresses can be specifically relieved. In con-
trast, the focus of the following investigations re-
lates to residual stress stability at low temperatures
from 80 ◦C to 240 ◦C. Although the temperature
range to be investigated is well above the recrystal-
lization temperature, the literature does not pro-
vide a clear answer for the phenomena in this tem-
perature range that are encountered in real service
conditions. Thus, the following investigations are
intended to identify whether the subject matter is a
problem, whether characteristic temperatures exist,
and how the process and material parameters affect
the underlying phenomena. In the following, the
issue was investigated using the processes as well as
selected materials which are included in the follow-
ing figure 3.8. The experimental analysis includes
the following steps:

1. Forming: The production of the benchmark
components was carried out with reproducible
and constant process parameters.

2. Measurements after forming: For each
benchmark component, characteristic measure-
ment points were selected for residual stress
measurement on the specimens, representing
residual stress stability. The selected measure-
ment points are listed in the figures below. In
the as-formed state, residual stress measure-
ments are performed at themeasurement points
by X-ray diffraction.

3. Heat treatment: Specimens are placed in pre-
heated ovens at selected temperatures for a du-
ration of 100 h.

4. Measurements after heat treatment: After
subsequent heat treatment, the samples aremea-
sured again with respect to residual stresses us-
ing themeasurement points from step 2. In this
way, the relaxation of the residual stress can be
assessed.

Processing steps 3 and 4 were then repeated at de-
fined temperature points: 80 ◦C, 120 ◦C, 180 ◦C,
240 ◦C. The results are listed in figure 3.8, where
for the different manufacturing processes of each
institute are merged in the seven figures. The re-
spective temperature range at which the residual
stresses were recorded at the respective listed mea-
suring point is indicated in the individual colors.

LFT: Full Forward Extrusion

In the full forward extrusion sample in figure 3.8
a), there is a clear trend for the near-surface resid-
ual stresses to be affected with the through-heating
time of 100 h. For the stainless steel X6Cr17
(1.4016), axial tensile residual stresses are reduced
with increasing temperature and soak times, while
compressive residual stresses increase slightly in the
tangential direction. This effect results in the relax-
ation of the tensile stress maxima, which are below
the surface, leading to an equalization of the resid-
ual stresses along the component.

PtU: Bending

Three-point bending of 16MnCr5 sections results
in pronounced axial compressive stresses and low
tangential compressive stresses in the specimen ex-
terior. During annealing at 80 ◦C, the axial stresses
are only slightly reduced, but higher process tem-
peratures lead to significantly higher relaxations. In
the tangential direction, an increase in compressive
stresses is observed at temperatures up to 180 ◦C,
followed by relaxation at 240 ◦C. Similar to the
other processes, relaxation of the stress maxima
and rearrangement of the residual stress state is also
present.
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Figure 3.8 Overview of the individual residual stress measurements for the specimens at different
temperature ranges. The method, the material and the measuring position are indicated.
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FF: Cross-rolling

The typical residual stress profile of cross-rolled
specimens made of 42CrMo4 is characterized by
high compressive residual stresses in the axial and
tangential directions, see figure 3.8. For all speci-
mens, a reduction of residual stresses by 10% to
20% is observed with increasing holding time and
temperature. The compressive residual stresses in-
duced by cold section rolling exhibit high stability
under thermal load up to 240 ◦C. While some re-
laxation of about 16% is observed for the high ax-
ial residual stresses during the heat treatment, the
lower tangential residual stresses remain almost un-
changed. The reason for this high residual stress
stability is the high degrees of deformation locally
achieved in the notch area of the specimen during
the rolling process, which lead to high local yield
stresses due to strain hardening. These decrease
slightly due to the influence of temperature, so that
residual stresses can be relieved to a small extent
by microplastic strains in the material. This cor-
responds to results documented in the literature,
according to which high-strength materials exhibit
higher residual stress stability under the influence
of temperature than those with lower flow stress.

IFUM: Hot Forming with Upsetting

Different behaviors are observed in the hot-
formed specimens (IFUM). In specimens made of
42CrMo4, tensile residual stresses have been mea-
sured directly after forming. After subsequent heat
treatment, these tensile residual stresses initially in-
crease up to a temperature of 120 ◦C, but are re-
lieved at higher temperature ranges. This effect at a
critical temperature of 120 ◦C occurs for the axial
as well as tangential residual stresses. For the ma-
terial 16MnCr5, compressive residual stresses are
measured in the axial direction, and are relieved
with higher temperature, especially at MP1, i.e., at
the thick-walled measuring point. The compres-
sive residual stresses occurring at MP2 vein only
slightly at the surface; for the tangential stresses the
reversal point is again visible at a critical tempera-
ture 120 ◦C. For the material 42CrMo4, this effect
can be explained by the relaxation of the stress max-

imum below the surface: Due to the fact that the
tensile stressmaximumbelow the surface is relieved
first, a redistribution of the residual stresses in this
region occurs first, which leads to an increase of the
tensile residual stresses directly at the surface [17].
Only at temperature 120 ◦C and above does relax-
ation also occur in the near-surface region. The
earlier reduction of residual stresses in 16MnCr5
compared to 42CrMo4 can be justified by the lower
yield strength. At a low residual stress level, as is the
case for 16MnCr5 in the tangential direction, the ef-
fects of heat treatment cannot be clearly identified
due to the measurement uncertainties.

utg: Near-Net-Shape-Blanking

Compressive residual stresses occur in the tooth
roots and flanks on fine-blanked gears made of
the material S355 MC (1.0976). During heat treat-
ment, the expected degradation is also observed
here. While the flank is stress-free after 240 ◦C,
some residual stresses remain in the tooth root.
In addition to creep and relaxation processes, this
behavior was attributed to dislocation core diffu-
sion.

bime: Rotary Swaging

In rotary swaged components made of E355
(1.0580), residual compressive stresses occur due
to the process. While the axial stresses undergo lit-
tle reduction during annealing up to 120 ◦C, they
are significantly reduced at 180 ◦C and 240 ◦C. In
the tangential direction, a significant stress reduc-
tion is observed in the first cycle at 80 ◦C, followed
by a constant slight relaxation at higher tempera-
tures.

IWU: Wire Drawing

Wire drawing from S355JR is characterized by ten-
sile stresses at the surface. Compared to the other
processes, no residual stress reduction with increas-
ing temperature is observed here. While there is
no significant stress relaxation in the axial direc-
tion, a trend toward a slight reduction in tangential
stresses can be observed. This behavior is attributed
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to the creep and relaxation processes in the mate-
rial.

From the results of the various specimens at temper-
atures ranging from 80 ◦C to 240 ◦C, three typical
behaviors can be identified. In most cases, a reduc-
tion in residual stresses is observed. Here, a partially
pronounced degradation as well as a complete re-
laxation occurred. In the case where the residual
stress maximum is located directly at the surface, a
stress reduction is observed over all temperatures.
In other cases, an increase in the measured residual
stresses, followed by a decrease, was observed. This
is due to the fact that the residual stress maximum
is located below the surface. As the temperature in-
creases, a redistribution occurs due to the reduction
of the residual stress maximum, resulting in the ini-
tial increase in residual stresses. With further tem-
perature increase, the residual stress reduction also
extends to the region near the surface, which subse-
quently explains the reduced residual stresses in the
measurements. Only one process investigated was
found to have a minor influence. Overall, several
physical mechanisms act within the heat treatment.
The first physicalmechanism is the reduction of the
yield stress of the material at higher temperatures
[42]. This leads to microplasticization in stressed
areas and thus to a reduction of the residual stress
to the current yield stress. Creep mechanisms are
additionally influenced by the process temperature,
taking into account the load and the exposure time.
Here, residual stresses also favor induction from
the creep phenomenon. A final mechanism relates
to the atomic level, where temperature-induced dis-
locations lead to a reduction in the local dislocation
density and thus to a relaxation of residual stresses.
In practice, a combination of mechanisms occurs
within the annealing process, which results in dif-
ferent changes depending on the component and
the residual stress state present.

3.6 Property Improvement Due to
Residual Stresses

As already explained in chapter 3.2, the potential
for utilizing residual stresses is only exploited by
additional finishing steps such as deep rolling and

shot peening [14, 13]. Depending on the final resid-
ual stress profile, certain component properties are
affected negatively as well as positively, with cer-
tain properties depending in particular on the di-
rection of the stress. To demonstrate the potential
of forming-induced residual stresses, examples of
possible component property improvements are
presented below. In total, four known component
properties which are modified depending on the
residual stress state are addressed: fatigue life, dis-
tortion, hardening and corrosion.

Fatigue Life

The first component property affected by residual
stresses is fatigue life. This refers to the time pe-
riod after which the component fails under a cyclic
mechanical load. Essentially, this property results
from the stress superposition of an external load
and the residual stress state present in the compo-
nent. A typicalmaterial test for determining fatigue
life is theWöhler test commonly used in practice, in
which the component is loaded cyclically, usually
in a sinusoidal function, under a given load [43].
Fatigue is subdivided into two types in terms of
load cycles: Low load cycle fatigue (LCF) and high
load cycle fatigue (HCF). LCF describes fatigue
at stresses above the yield strength and usually in-
volves fewer than 10.000 cycles to failure. Analo-
gous to the static load case, residual stresses often
have little effect on LCF life because they are ex-
tinguished within the first cycle by the large ampli-
tudes of oscillating plastic strains [44]. Thus, there
is no mechanical residual stress stability in the LCF
region,which iswhy theHCFregion is of particular
interest for the forming-induced residual stresses.
In particular, high near-surface compressive resid-
ual stresses are of interest, since they restrain crack
growth compared to tensile stresses and thus avoid
early failure due to initial surface cracking.

Possible experimental tests are demonstrated in the
following figure 3.9 for a cold extruded specimen as
well as gear manufactured by fine blanking. Via the
3-point bending test (a), a superposition of residual
stresses with axial residual stresses is achieved by the
modified setup, and this test is primarily used to
investigate the mechanical residual stress stability.
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Figure 3.9 Experimental setup for fatigue life
investigation in cold forming [39, 45, 15].

From the results of [46] it was shown that at low
mechanical loads the residual stresses are stable and
only at higher loads a redistribution of the residual
stresses takes place. To mimic real loading condi-
tions of a gear shaft, the rotating bending test in (b)
is used. From the investigations of [47], a similar
result was obtained for the residual stress stability,
where instability in the residual stress state occurs
only at higher loads. With respect to fatigue life, it
was shown that the use of a counter punch increases
the maximum load cycle that can be sustained by
78% at an average load (250MPa). The improve-
ment in fatigue life is due to the reduced residual
stress gradients due to the counter punch, so with
the superposition with the bending load, the equiv-
alent stress is reduced. Consequently, the counter
punch also creates a larger buffer to the yield stress,
which delays an occurrence of the possible plastic
deformationwithin the cyclic loads. The same posi-
tive effects have been verified for fine blanking with

amatched cutting edge. In this case, the generation
of higher compressive stresses at the surface also
leads to an increase of the fatigue strength within
the Wöhler diagram [45]. The results are also trans-
ferable to incremental forming such as cross wedge
rolling. This forming process can be used to join
hybrid components in a form-fit and force-fit man-
ner to create a shaft-hub connection [48]. A char-
acteristic notch is created by the joining process
through radial rolling, and when an external load
is applied, there is an excess stress in the notch base.
Accordingly, the notch is the critical locationwhere
early failure due to cracking occurs under load. By
indexing increased compressive stresses through a
progressiv tool path (alternative process execution),
higher tolerable load cycles are also achieved here
in cyclic tensile tests, which has been validated nu-
merically and experimentally [31].

Component Distortion

The cause of distortion is usually due to residual
stresses remaining in the component. If high resid-
ual stress gradients are present in the component,
i.e., high absolute differences between the surface
and the core, slight disturbances of this equilibrium
can lead to undesirable plastic deformations. When
the yield strength is exceeded, the residual stresses
are converted into plastic strains and deformations
and a change in shape occurs [49]. For this reason,
components must be low in residual stress, which
in turn is made possible by stress relieving after
forming [50]. To check the distortion potential of
formed components, separation tests are usually
used in practice [3]. In investigations by [29], it was
shown that cold extruded specimenswith a counter
punch exhibit significantly lower deformation com-
pared to conventionally produced specimens in the
separation test, see figure 3.10. This effect results
from the reduced stress gradients due to the use
of a counter punch during cold extrusion, so that
a significantly lower deformation results from the
stress compensation after the separation process.
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Figure 3.10 Investigation of distortion on cold
extruded components by separation tests [29]

Solidification

Tekkaya points out that more strengthening ma-
terials should maintain higher residual stresses be-
cause the difference in forming between the core
and the surface is larger [32]. Existing studies by
Jobst et al. confirm this fact, as the different in-
duced residual stresses also influence the strainhard-
ening distribution by varying the die opening angle
during cold extrusion [39]. Similarly, for incremen-
tal forming such as cross wedge rolling, an increase
in strain hardening is achieved by the matched die
paths, again due to the increased residual compres-
sive stresses at the surface. In fine blanking, on the
other hand, it is shown that cutting edge prepara-
tion hardly influences the hardness distribution.
The residual compressive stresses correlate with the
increased tooth root bearing capacity due to hard-
ness and residual compressive stresses [51].

Corrosion

A final listed component property that correlates
with residual stress is corrosion. Stress corro-
sion cracking is a time-dependent cracking phe-
nomenon that occurs in a metal when certain met-
allurgical, mechanical, and environmental condi-
tions exist simultaneously [52]. Stress corrosion
cracking is a dangerous type of degradation because
it occurs even at stress levels within the design range.
The residual stresses present in the material play an
important role in evaluating the susceptibility of

the material to stress corrosion cracking, in addi-
tion to the external stresses that act on the com-
ponents during operation. The literature clearly
shows how tensile residual stresses at the surface
promote corrosion [53].

Figure 3.11 Specimens after the corrosion re-
sistance tests at different residual stress profiles
for cold extrusion [15].

In contrast, the introduction of compressive resid-
ual stresses facilitates the production of a passiva-
tion film regardless of the surface condition, as this
film can be produced and maintained at low cur-
rent density. One reason for this is believed tobe the
reduction in interatomic distances due to compres-
sive residual stresses, which facilitates the growth
and maintenance of the passivation film [54]. Fig-
ure 3.11 plots each of three full forward extruded
specimens with different residual stress states on
which a corrosion resistance test was performed us-
ing the material 1.4307. Here, the specimens were
used for alternative process control by using the
active die from subsection 3.4 to adjust the resid-
ual stress profile from tension to compression by
increasing and decreasing the die stress. From the
recordings it can be seen that a clear trend toward
reduction of pitting corrosion: When compressive
residual stresses are applied to the surface speci-
men, fewer and smaller corrosion pits are observed
[15].
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3.7 Conclusion and Summary

In the present paper, different aspects of residual
stresses in bulk metal forming were investigated
within the collaboration of the Thick-WalledWork-
ing Group. It is known from the literature that
residual stresses are only specifically controlled by
post-processing steps, while the residual stresses oc-
curring within the respective forming process are
largely ignored. Consequently, this paper deals on
the one hand with the possibility of controlling
residual stresses during the forming process. On
the other hand, the component properties result-
ing from the forming-induced residual stresses and
their stability under mechanical and thermal load
were investigated. The challenge for the industrial
establishment of forming strategies for the targeted
adjustment of residual stresses and the associated
advantages is to understand the complex interrela-
tionships. In particular, residual stresses are depen-
dent not only on the process parameters and the
process control of the respective forming method,
but also on material properties and the geometric
shape of the component as well as the tool.

The forming strategies investigated were grouped
into five categories in terms of a systematic ap-
proach: Tooling Optimization, Alternative Process
Execution, Temperature Management, Forming
Speed, and Forming Stage Design. From the sum-
mary, it is clear that the topic of deliberate stress in-
duction has not yet been studied in depth for many
bulk forming processes, resulting in the complexity
of residual stress generation. Despite this knowl-
edge deficit, interesting strategies have been devel-
oped for some technologies and these have been
classified by a systematic description. Thus, for the
future investigation of further forming strategies,
a classification in terms of the mechanism to influ-
ence the residual stress state is possible. The ques-
tion of the influence of residual stresses in the initial
state is closely related to the mechanism for stress
superposition. By examining combinations of vari-
ous bulk formingprocesseswithin the expert group,
two definitions were derived: Fully plastic forming
above a critical degree of forming, in which an ini-
tial residual stress state is completely extinguished

so that the final state depends only on the last form-
ing step and semi-plastic forming below a critical
degree of forming, in which an expected stress su-
perposition takes place. Thus, the influence of vari-
ations in the initial state is contained only below a
critical degree of forming. In terms of the challenge
regarding material and process complexity, it is of
interest for future investigations atwhich critical de-
grees of deformation the occurrence of a fully plas-
tic deformation takes place. Analyses of residual
stress stability under mechanical loading showed
that residual stresses are stable only up to a criti-
cal load. The forming-induced residual stresses are
thus only stable with knowledge of the respective
process, the component properties and the exter-
nal load, which requires further investigations due
to the process. Analogously, the desired stability
for all investigated processes is only present at low
operating temperatures below 100 ◦C, in the tem-
perature ranges from 120 ◦C upwards some results
indicate a relaxation of the residual stresses, which
however strongly depends on the respective pro-
cess and material. Necessary mechanisms in ther-
mal relaxation at low operating temperatures were
identified for this purpose. The extent to which
the potential of forming-induced residual stresses
should be exploited is evident from the improve-
ment in component properties: studies confirm
that an increase in product service life, a reduction
in distortion, a hardening behavior that can be ad-
justed and an improvement with stress corrosion
cracking can be achieved by deliberate adjustment
through residual stresses.

Although clearly different processes were discussed
in this chapter, a large number of similarities and
analogies were identified despite the complex inter-
relationships. Thus, there is motivation for further
research in order to fully exploit the potential of
forming-induced residual stresses and thus exploit
the associated benefits for industrial applications.
For the future, further investigations should aim at
establishing application and design guidelines for
a deliberate use of residual stresses in bulk form-
ing.
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bime Bremen Institute for Mechanical Engi-
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LFT Institute of Manufacturing Technology
PtU Institut Produktionstechnik und Um-

formtechnik
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4 Simulation and Modeling

Kästner, M.; Schneider, T.; Kalina, M.; Böh-
lke, T.; Erdle, H.; Krause, M.; Steinmann, P.;
Lara, J.

In the following, a mechanics-oriented view of the
characteristics and properties of residual stresses
is established. First, principal aspects of process
simulation in order to predict residual stresses after
forming are discussed. Furthermore, the formation
of residual stresses inmetallic materials is presented
in a very basicwaywith special emphasis on classical
macroscopic material modeling. Additionally, an
introduction to possibilities ofmultiscalemodeling
in the context of residual stresses and the incorpo-
ration of the crystallographic texture is given. In
order to evaluate the influence of residual stresses
on the performance of engineering parts, their ef-
fects on fatigue life and methods for estimating fa-
tigue life under the influence of residual stress are
described. Lastly, as an example, the simulation of
residual stresses is illustrated using a 4-point bend-
ing beam. Fundamental aspects from experimental
and simulative observations of residual stresses can
be clarified on this example.

4.1 Residual Stresses in the
Simulation of Forming Processes

In order to investigate how residual stresses develop
during forming processes, the field of computa-
tional mechanics provides a valuable resource that
complements and deepens the results of experimen-
tal study. An experimentally validated numerical
implementation of a mathematical model describ-
ing the forming process is able to determine – in a
nondestructive manner – the residual stress field at
the surface and in the bulk of the workpiece dur-
ing the whole forming process. Furthermore, it
enables the cost- and time-efficient realization of
an extensive study of the factors that determine the
resulting residual stress field.

Nonetheless, a reliable numerical reproduction of
a forming process that is also not too computation-
ally expensive is not trivial. On one hand, the mate-
rial behavior of the workpiece, which will be elab-
orated upon in chapter 4.5, is quite complex and
the interaction between all the machine parts in-
volved in the forming process have to be taken into
account. On the other hand, the numerical treat-
ment can be done through different methods, each
with advantages and disadvantages, such that care-
ful consideration is required to ensure the solvabil-
ity and accuracy within an acceptable computation
time.

The simulation of the forming process has to be fol-
lowedby a controlled unloading of all external loads
in order to determine the actual residual stresses
of the workpiece. The numerical results have to
be validated by comparing themwith experimental
data, as indicated in the integrated design approach
outlined in figure 1.2. In case of any discrepancies,
an adjustment of the numerical implementation
has to be done. This is not trivial given that, al-
though to different degrees, all the aspects of the
simulation, which are briefly described in this sec-
tion, have an effect on the resulting residual stress
field as it can be seen among the results presented
by the projects within the Priority Program 2013.

The current section is organized based on two of
the main components required to simulate a form-
ing process: A continous and a discrete problem
describing the process at hand. The former is posed
following a mathematical framework and the lat-
ter derives from the continuous problem by means
of discretization strategies. A short overview of
themathematical framework and the discretization
strategies are respectively the focus of the first and
second half of this section.
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Once a measure for the irreversibility in a deforma-
tion process has been chosen and the relevance of
the increase in temperature has been determined,
the restrictions on the constitutive laws can be ob-
tained from the second law of thermodynamics.

4.2.2 Contact Mechanics

As a pair of material bodies comes in physical con-
tact they interact with each other through a contact
force density t. A pointwise consideration of the
contact surfaces makes it possible to decompose
these forces with respect to the surface’s normal
into a normal and a tangential force and it also al-
lows definition of the distance between a pair of
points in potential contact as the gap g. The afore-
mentioned decomposition motivates the notation
(·)n and (·)t used in this section to denote normal
and tangential quantities or components, respec-
tively.

Frictional contact – the contact relevant for form-
ing processes – is characterized by a contact force
with tn �= 0 and tt �= 0. It exhibits two behaviors
or stages. The sticking stage occurs when the tt is
not enough to cause a relative tangential displace-
ment of the contact point pair, i.e., ġt = 0. Once tt
reaches a threshold value, the slipping stage occurs
and relative motion is allowed, i.e., ġt �= 0.

ġt

tt
κ|tn|

−κ|tn|

Figure 4.2 Coulumb’s law with κ denoting
the friction coefficient

A simple model describing both scenarios is given
by Coulomb’s friction law, which is graphically
presented in figure 4.2.

This form of Coulomb’s friction law is not suit-
able for forming processes as the tangential force
becomes too large when the contact pressure is
too high. As a solution a threshold value can be
defined as the maximum allowed tangential force,
e.g., Coulomb-Orowan model. Alternatively,
one can employ a non-linear law where the tan-
gential reaction increases asymptotically toward
the threshold value, e.g., the model used by Stup-
kiewicz [11].

In order to incorporate these concepts into the for-
mulation the model has to be enhanced at the ener-
getic level by contact energyΨc. For brevity, only
two of the most-known methods will be presented
but there are several approaches in the literature.
Refer to the textbook [12] for an overview.

The Lagrange multiplier method

Ψc =

∫
Γc

[λngn + λt · gt] da (Equation 4.4)

formally ensures that no penetration occurs be-
tween the contact bodies and that the materials
stick to each other by enforcing the inequality con-
straints through the Lagrangemultipliersλn and
λt, which are identified as reaction forces. This for-
mulation leads to a saddle point problem. Numeri-
cally this translates into a change in the structure
of the systemmatrix and an increase in the degrees
of freedom. As a result, the computation time also
increases.

The penalty method

Ψc =
1

2

∫
Γc

[
εng

2
n + εtgt · gt

]
da

(Equation 4.5)
introduces quadratic energies for both the normal
and tangential contact. This can be visualized as the
replacement of the contact surface by a layer of a lin-
ear elastic material. The thinness, i.e., the stiffness
of the layer is then controlled by the penalty fac-
tors εn and εt. Hence, some penetration is intrinsi-
cally allowed in the method. As the penalty factors
tend to infinity, the solution converges to the values
obtained from the Lagrange multiplier method.
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Nonetheless, if their values are too large, the nu-
merical problem can become ill-conditioned.

Equation 4.4 andEquation 4.5 are valid only during
sticking. Once the threshold to slipping has been
surpassed, λt and εtgt have to be replaced by the
constitutive law for tt.

4.3 Discretization

Forming processes are mathematically described by
a boundary value problem. Due to the complex
nature of the poised problem, its solution can only
be obtained numerically. To this end, the contin-
uous problem has to be transferred to a discrete
setting, both temporally and spatially. Mathemat-
ically this translates into going from the local bal-
ance equations to the discrete weak form of the
balance equations. In the case of the local linear
momentum balance (Equation 1.1) one obtains the
weak form ∫

B
ρν · ẍ dv =∫

B
[ν · fvol − gradν ·· σ] dv

+

∫
∂B

ν · t da

(Equation 4.6)

where ν is the test function and t the traction vec-
tor. Equation 4.6 has to then be temporally and
spatially discretized. Furthermore, the contact be-
tween bodies has to be also defined in the discrete
setting. The numerical problem has to resolve the
temporal and spatial scales of the continuous prob-
lem and the contact discretization has to properly
reproduce the force distribution at the contact sur-
faces. Otherwise the numerical solution will not
correspond to the continuous one. While a glob-
ally fine discretization complies with the aforemen-
tioned requirements, this is not feasible in a com-
putationally reasonable time. In the following sub-
sections some strategies toward an efficient tem-
poral and spatial discretization will be presented
and some examples of contact discretization will be
shown.

4.3.1 Temporal

The discrete time consists of a series of snapshots
ti, where the time step is defined as the jump be-
tween discrete values, i.e.,Δti = ti − ti−1. In this
discrete setting the time derivatives can be defined
by explicit methods, e.g., a central difference time
integration scheme; implicit methods, e.g., the gen-
eralized α-method; or a combination of both, e.g.,
the family of implicit-explicit methods compared
by Ascher, Ruuth, andWetton [13] or the implicit-
explicit Runge-Kutta methods proposed by As-
cher, Ruuth, and Spiteri [14] to name a few. Even
if inertia can be ignored, a pseudo time variable has
to still be introduced in order to apply the load in a
controlled manner, as the material response during
forming processes is non-linear. Nonetheless, there
may be time intervals at which the material behav-
ior is approximately linear, in which a certain time
step size can be used with no loss in accuracy. On
the other hand, the same time step size will not be
appropriate at intervals where the response rapidly
changes, e.g., at the plastic flow onset. Clearly a
strategy to resolve both scales without having to
waste computational time is advantageous. This
can be achieved by quantifying the rate of change
of the material response, e.g., the scheme proposed
by Lee and Hsieh [15] for transient problems; or by
introducing an error measurement, e.g., the adap-
tive scheme formulated by Bartels and Keck [16]
for elastoplasticity. Based on the chosen measure-
ment the time step size can be adjusted during the
simulation.

4.3.2 Spatial

In the finite element method the continuous do-
main is approximated by a mesh, in which each
element is enriched by a function space of local
shape functions and a set of local nodal variables.
This frameworks allows the approximate descrip-
tion of the continuous fields, e.g., the displacement
field as

u ≈ uh =

ndof∑
i=1

Uiϕi (Equation 4.7)

where ndof is the total number of degrees of free-
dom,Ui are nodal values andϕi the corresponding
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shape functions. The size of the linear system to 
solve is proportional to the number of elements 
in the mesh. Hence, an inhomogeneous element 
density, which sufficiently resolves the different lo- 
cal spatial scales in the domain, is needed in order 
to reduce computational cost. This translates into 
a high element density in regions where the gra- 
dient of one or more field variables is high and a 
low element density where the gradients are low. 
In cases where the evolution of the gradient field 
can be estimated a priori, e.g., during a forming 
process, the tailoring of a mesh to fit the aforemen- 
tioned requirements can greatly reduce the compu- 
tational cost. Another alternative is to include an 
adaptive mesh refinement strategy in the numerical 
implementation. The idea is an element-wise esti- 
mation of the error (see for example the overview 
of Ainsworth and Oden [17]), which determines if 
a refinement and coarsening respectively must or 
can be performed. After the new mesh is created 
the discrete fields are transferred to it. 

 
The tailored approach has the advantage of a con- 
stant discrete domain throughout the simulation. 
However, this can become disadvantageous if a 
high gradient occurs at different regions at differ- 
ent load steps. The adaptive approach is not con- 
strained by this as the refinement and coarsening 
occur both where and when needed, thus, provid- 
ing a very versatile option, especially when the gra- 
dient fields are not known a priori. Nonetheless, 
an appropriate error estimation method has to be 
chosen for it to work properly. The transfer oper- 
ation also introduces an inherent error due to the 
interpolation or projection schemes used. Further- 
more, the element-wise computation of the error 
and the transfer of the field across meshes adds to 
the computational cost of the numerical implemen- 
tation. 

 
Both approaches have to control for element distor- 
tion. In forming processes the material undergoes 
large deformations, which have to be described by 
the discrete element. It can occur that such large 
deformations lead to the collapse of element, which 
can produce an ill-conditioned numerical prob- 
lem. 

 

 
 
 

4.3.3 Contact 
 
The description of contact in the discrete setting 
for the case of large deformations is commonly 
done through node-to-segmented discretization, 
in which the contact inequalities are enforced only 
between a node on the slave surface and a segment 
of the master surface, as depicted in figure 4.3 (a). 
This asymmetric approach requires some care dur- 
ing the selection of master and slave surfaces. If 
they are not chosen properly it can lead to nonphys- 
ical results. The method can be made more robust 
against this problem by a two-way treatment, in 
which the inequality constraints are enforced twice 
by exchanging the master and slave roles between 
the surfaces. Nonetheless, the accuracy improve- 
ment comes at a higher computational cost. 
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(a) Node-to-segment 

      
    
(b) Segment-to-segment 

Figure 4.3 The contact inequality is enforced 
between a segment of the master surface delim- 
ited by the nodes n and n and (a) a single (1)  (2)  
of the master segment into the slave surface 
(segment-to-segment discretization) [18]. 

slave node ns (node-to-segment discretization) 
or (b) all the slave nodes inside the projection 
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One alternative is provided by the segment-to-
segment discretization. It projects the facet seg-
ments of the slave surface onto the master facet,
see figure 4.3 (b), and enforces the inequalities at
the limits of the resulting subintervals. This ap-
proach avoids penetration to a greater extent and
produces a better load distribution at the contact
surface than does node-to-segment discretization
but its implementation is more complex and has a
higher computational cost.

In general it is not known a priori which parts
of the domain’s boundary are in contact with an-
other body in a given load step. Therefore, an al-
gorithm needs to be implemented in order to de-
termine which discrete contact pairs interact with
each other at a given time. The general scheme
is composed of an spatial search, where surfaces
that may interact with each other are located and
marked, and a contact detection phase, where the
elements at the marked surfaces are controlled for
penetration.

The discrete approximation of the domain is gener-
ally done by a first order mapping of the reference
finite element; thus, the normal vector at the dis-
crete boundary is given by a discontinuous field.
As a slave node slides from one master surface to
another, the jump of the normal vector may lead to
computational instability. To obtain a continuous
normal vector field one can smooth the contact sur-
face using aHermite, Bézier, spline orNURBS in-
terpolation. For an overview refer toNeto,Oliveira,
andMenezes [19].

4.4 Typical Problems Arising During
Process Modeling

The most common problems during simulation of
such complexity are the divergence of the solution
of the linear system or of the nonlinear scheme and
obtaining nonphysical or incorrect results. Deter-
mining their cause is not trivial as it can be caused
by one or more of the factors addressed above. The
temporal discretization may be too coarse and too
much information could be lost between time steps
or, in the case of non-globally convergent non-

linear schemes, the initial solution based on pre-
vious ones may also prove to be outside of the con-
vergence locus, leading to convergence to a false
solution or to divergence. A too coarse spatial dis-
cretization may lead to nonphysical or incorrect
results, as the different local length scales may not
be sufficiently resolved. If noticeable penetration
or nonphysical behavior of the fields at the contact
surfaces occurs, the chosen contact discretization
will be most likely at fault. Numerical parameters,
e.g., the penalty coefficients may prove to be to
high, leading to an ill-conditioned linear system.
Certain combinations of values of material param-
eters – alone or in combination with one of the
above – may also lead to an ill-conditioned numer-
ical problem.

4.5 Macroscopic Modeling of
Residual Stresses

Concepts of modelingmetallic materials are widely
known. A huge literature base dealing with elasto-
plastic material models exists for a wide range of
applications.

Key aspects of classical continuum modeling are
summarized in figure 4.4. Assuming a completely
pristine and undeformed material at time t = 0,
the loading path of a fictive one dimensional bar
starts with a purely elastic section. The purely elas-
tic loading ends with the actual stress reaching the
initial yield stress σy0. Afterwards, the process con-
tinues under combined elastic-plastic deformation
and successive hardening of the metallic material,
see figure 4.4. In order to describe this deforma-
tion process and to account for the irreversibility
of plastic deformation, usually the constitutive as-
sumption of additive decomposition of the total
infinitesimal strain tensor

ε = εe + εp (Equation 4.8)

into elastic εe and plastic εp parts is made. The
elastic response of the metallic material can be de-
scribed using Hooke’s law

σ = 2μ εe + λ tr (εe) I (Equation 4.9)
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Figure 4.4Hardening types and residual stress formation. (a) scheme of the two hardening types
for plane stress state in the principal stress space. (b) impact of different hardening types on the
formation of residual stresses.

written in the three dimensional form. σ is the
Cauchy stress tensor, μ = E/ (2 + 2ν) and λ =
E ν/ ((1 + ν) (1− 2 ν)) are the twoLaméparam-
eters, respectively, andI is the secondorder identity
tensor. The distinction between elastic and elastic-
plastic loading is made using the yield criterion,
which can be written as

f (σ, q) ≤ 0 (Equation 4.10)

in an arbitrary, three dimensional formulation us-
ing the yield function f . Internal variables of arbi-
trary tensorial order describing the hardening pro-
cess and dissipative behavior of the material are de-
noted by q. The yield function can be interpreted
as yield surface in space of principal stresses, see
figure 4.4 (a).

The phenomenological hardening of an engineer-
ing material can be modeled by changing the po-
sition, shape and size of the yield surface during
plastification. Typically, two types of hardening
named isotropic and kinematic hardening are dis-
tinguished. Mathematically, isotropic hardening
influences the actual yield stress σy depending on

the accumulated plastic equivalent strain p, which

can be defined by its rate ṗ =
√

2
3
ε̇p : ε̇p. The

change in yield stress is associated with isotropic
hardening, denoted byR (p). Kinematic harden-
ing is formulated as a stress offset in the calculation
of an equivalent stress which is used in the defini-
tion of f . One common way is to introduce the
backstress tensorX in order to describe kinematic
hardening. An example for a typical definition of
a yield function using a von Mises type equiv-
alent tensile stress with the stress deviator being
s = σ − 1

3
tr (σ) I can be written as

f (s, R, X) =

√√√√3

2
(s−X) : (s−X)︸ ︷︷ ︸

kinematic

...

... −
⎛
⎝ σy︷ ︸︸ ︷
σy0 + R︸︷︷︸

isotropic

⎞
⎠ . (Equation 4.11)

The initial yield stress of the material is introduced
asσy0 and the arbitrary hardening tensor quantities
from Equation 4.10 are now defined by

q := {R, X} . (Equation 4.12)
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Both hardening types influence the actual size and
the position of the yield surface, defined by Equa-
tion 4.11, respectively. As depicted in figure 4.4,
isotropic hardening leads to an increase or decrease
in size of the yield surface f while the center of
f remains fixed in the space of principal stresses.
Kinematic hardening in turn marks the translation
of f bymeans of displacement of itsmidpoint. The
model is to be completed by hardening laws, which
prescribe the evolution of the internal variables q
depending on the actual loading state. It is pri-
marily the choice of particular hardening laws that
makes the difference between the many plasticity
models available in literature.

The effect of different hardening types on the one-
dimensional loading behavior of a fictive uniaxial
rod is also shown in figure 4.4. If it is ensured that
the different hardening types describe the sameflow
curve, no difference is visible in monotonic loading
paths with maximum point 1©. Only if the mono-
tonic load is followed by reverse loading, do the
changes in model behavior become visible. Due to
the increase in yield surface’s size and a fixed mid-
point of f in case of pure isotropic hardening, the
yield criterion is fulfilled again at -σy during reverse
loading. In case of pure kinematic hardening, the
re-plastification in reverse direction starts at−σy0
, since the yield surface is only shifted and has not
changed its size. The combination of both hard-
ening types yields an intermediate result in which
the plastification in the reverse loading direction
starts in between both cases described, which is also
known as the Bauschinger effect. The level of local
unloading determines the actual the final residual
stress. Figure 4.4 (b) clearly underlines that the
choice of hardening types significantly influences
this emerging residual stress.

4.5.1 Cyclic Loading

Besides the formation of residual stresses, their
cyclic evolution in the final structure is often of
interest. Especially their impact on the fatigue
life of the later structure makes the understand-
ing of changes in residual stresses necessary for a
successful usage in industrial design processes, see

chapter 4.7. For this purpose, material models are
needed which are capable of modeling the changes
in material behavior during cyclic load. Usually, fa-
tigue behavior is characterized using standard test
methods. In constant amplitude tests the basic be-
havior of the material can be evaluated without
influences of the loading sequence [20]. The typ-
ical material response to such simple tests is dis-
cussed below to provide a comprehensive overview
of cyclic phenomena in metallic materials.
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Figure 4.5 Typical cyclic behavior of metals. (a)
cyclic hardening under prescribed strain path
with εa = const.. (b) mean stress relaxation
under prescribed strain path with εa = const..
(c) cyclic ratcheting under prescribed stress path
with σa = const..
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First, loading with constant uniaxial strain ampli-
tude is considered. The typical stress response for
this strain path is depicted in figure 4.5 (a). Start-
ing with the first load cycle, the material under-
goes plastic deformation. During further cycling,
the material experiences reversed loading and plas-
tification. Thereby, the stress-strain hysteresis size
changes with accumulating load cycles. In the ex-
ample in figure 4.5 (a), the hysteresis grows due to
cyclic hardening of the material. The opposite be-
havior of shrinking hysteresis during fatigue life of
the specimen is also possible and is termed cyclic soft-
ening. Whether cyclic hardening or softening oc-
curs depends on the used material. This change in
hysteresis size has been modeled by isotropic hard-
ening [6].

Another import phenomenon caused by cyclic plas-
ticity is mean stress relaxation in the strain con-
trolled test, see figure 4.5 (b). Due to redistribu-
tion of dislocations in the metallic microstructure
during repetitive cycling, the hysteresis in the stress-
strain plot slowly shifts toward a lower mean stress
state. Even a totally mean stress free state is possi-
ble. Hence, a change of residual stresses is likely to
occur.

Lastly, cyclic ratcheting has to be named as an im-
portant cyclic plasticity effect. It is depicted in fig-
ure 4.5 (c). Main characteristic in the stress con-
trolled testwithnon-zeromean stress is the accumu-
lation of plastic strain with accumulating load cy-
cles. Depending on the material and load level this
process may lead to a shakedown state were ratch-
eting stabilizes and the increase in plastic strain is
stopped. Otherwise, if no steady shakedown state
can be reached it is possible that ratcheting directly
leads to failure of the structure. Due to the subse-
quent plastification of the material, initial residual
stresses are likely to change. This makes the under-
standing of the material’s response to this type of
loading necessary.

4.5.2 Models for Cyclic Plasticity

A basic requirement for successful modeling of oc-
curring stresses and strains in cyclically loaded struc-
tures and hence the phenomena outlined above is a

material model suitable for cyclic plasticity. For this
purpose, manymodels are available in the literature.
The basic one is Chaboche’s plasticity model [21,
22] with its non-linear kinematic hardening rule

Ẋ =
M∑
i=1

Ẋ(i) ...

... =
M∑
i=1

2

3
C(i)

ε̇p︷︸︸︷
ṗ
∂f

∂σ︸ ︷︷ ︸
linear hardening term

− γ(i)ṗX(i)︸ ︷︷ ︸
recall term

(Equation 4.13)

for the sum ofM backstress tensors using the idea
of Armstrong & Frederick [23]. C(i), γ(i) are ma-
terial parameters for each backstress. This non-
linear kinematic hardening is usually combined
with a proper isotropic hardening part, e.g., with
the isotropic hardening part used in Chaboche et
al. [21]

Ṙ = b (Q−R) ṗ (Equation 4.14)

wherein b, Q are material constants. The model
is able to capture effects of cyclic plasticity at least
qualitatively. Unfortunately, it overpredicts ratch-
eting since the evolution law predicts full recovery
of backstress with increasing plastic loading [24,
25] which is caused by the recall term in Equation
4.13.

Improved and more complicated model formula-
tions for cyclic plasticity are widely available in the
literature. Their aim is to account for more com-
plex material behavior such as non-proportional
hardening, transient material behavior and com-
plicated ratcheting phenomena. To name some of
them, the models presented by Ohno and Wang
[24], Abdel-Karim and Ohno [25], Döring et al.
[26] and even amodel for large strain application by
Yoshida and Uemori [27] are available. For brevity,
the reader is referred to the literature [20, 25] for
further information on useful models for cyclic
plasticity.

DFG Priority Program 2013



66 | Simulation and Modeling

4.6 Multiscale Modeling of Residual
Stresses

4.6.1 Micromechanical Modeling of
Residual Stresses

Phenomenological macroscopic material models
predict residual stresses as a function of the defor-
mation history, taking into account internal vari-
ables. In these models, the microstructure of the
material, e.g., the presence of multiple phases with
individual phase-specific material behavior or the
orientation of individual grains is not taken into
account. The macroscopic stresses only represent
the ensemble average of heterogeneous stresses on
the microscale

σ̄ = 〈σ〉 =
∫
V

σ dV. (Equation 4.15)

In order to predict residual stresses on various scales
of the material and to allow a direct validation
with experimental results, micromechanical mod-
els can be used for the prediction of residual stresses.
Micromechanical homogenization techniques esti-
mate the effective material behavior based on the
materialmicrostructure and thematerial properties
of the individual material components.

Homogenization methods can be classified as fol-
lows: a) asymptotic homogenization [28], b) mean-
field approaches [29], c) transformation field anal-
ysis [30, 31]. Moreover, homogenization can be
performed using full-field simulations (d) with the
aid of the finite element (FE) method [32], or voxel-
based with Fourier methods [33]. For an overview
of the different methods, the reader is referred to
the review article of Kanouté et al. [34].

Full-field methods achieve a high resolution of
the microscopic fields, but global FE calculations,
which calculate the stress-strain relationship at the
integration point by resorting to local FE solutions
(FE2 method [35, 36]), are currently still too time-
consuming for component-level modeling with
nonlinear material behavior.

Approaches exist to reduce the computational cost
of full-field simulations. One approach is the use of

statistically similar representative volume elements
[37–39]. These are constructed on the basis of im-
age data of the real microstructure, under the re-
striction that important effective properties coin-
cidewith the statistically similar structure. Another
possibility is an order-reduced FEM-based method
[40, 41]. Here, the potential structure of general-
ized standard materials is exploited using an incre-
mental variational approach. Field quantities are
determined by a superposition of modes calculated
in advance, thus increasing efficiency. An alterna-
tive approach to FEM-based methods is the use of
Fast Fourier Transformation (FFT) for the solution
of the boundary value problem of the microstruc-
ture. For an overview of FFTmethods the reader
is referred to the review article of Schneider [42].
A possible coupling of microstructure and macro-
scopic material behavior is offered by two-scale FE-
FFT simulation [43, 44] or by sequential homoge-
nization (SH)methods [45] formaterialswithmore
than two scales.

In contrast to full-field methods, the numerical ef-
ficiency of mean-field approaches allows for a sim-
ulation on the component level.

For a multi-phase material bounds for the effec-
tive elastic stiffness can be constructed based on
the assumption of a homogeneous deformation
(Voigt [46]) or a homogeneous stress distribution
(Reuss [47]).

These bounds, however, only take the volume frac-
tion and the elastic properties of the individual
phases into account.

Based on the homogenization of ellipsoidal inclu-
sions embedded in an elastic matrix material (Es-
helby [48]) more sophisticated solutions can be
obtained by including more information about
the microstructure into the elastic homogeniza-
tion approach, see the self-consistent method
(Kröner [49]), Mori-Tanaka method [50] or Lie-
lens method [51]. Using a variational principle,
tighter bounds on the elastic stiffness are recovered
(Hashin and Shtrikman [52]).

For small deformations, an elastic constitutive law
can be formulatedwith a location-dependent stress-
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free strain. This strainmay include thermal, plastic,
and transformation strains, the latter depending
on the local thermomechanical process.

In Böhlke et al. [53], an extension of the Hashin-
Shtrikman homogenization method for nonlinear
problems with internal variables was proposed. It
can be used to estimate the evolution of disloca-
tiondensities during the austenite-martensite phase
transformation in a dual-phase steel. In this con-
text, the plastic strain fields are treated analogously
to thermal strains.

In Rieger and Böhlke [54], the residual stresses
induced by phase transformations in a dual-
phase steel were simulated based on the Hashin-
Shtrikman method. The effective strain harden-
ing behavior of the dual-phase steel could be accu-
rately modeled when the microstructure (grain size
and martensite volume fraction) was taken into ac-
count. The method was applied in Neumann and
Böhlke [55] to complex phase transformation pro-
cesses, such as those occurring during press hard-
ening.

For the application ofmean-field approaches to the
modeling of residual stresses the following results
are of particular importance.

For heterogeneous elastic stiffnesses and constant
heterogeneous eigenstrains, the local stressesσ(x)
and strains ε(x) can be given as a linear function
of the associated effective values σ̄ and ε̄. The lo-
calization relations ε(x) = A(x)[ε̄] + a(x) and
σ(x) = B(x)[σ̄] + b(x) apply, see [56, 57]. The
localization tensors A(x) and B(x) depend on

the microstructure and elastic properties of the
grains. The fluctuation fields a(x) and b(x),
each having vanishing mean values, give the strains
and stresses induced by the inhomogeneous plastic
strain field.

As shown in Hofinger et al. [58], for a two-phase
material, explicit expressions of the localization ten-
sors and fluctuation fields can be constructed based
on the Mandel-Hill lemma 〈σ〉 · 〈ε〉 = 〈σ · ε〉.
The mean-field approach is applied in Simon et
al. [59] for the prediction of residual stresses using
a Ramberg-Osgood relation of the localized strain.
In Hofinger et al. [58] the framework is extended
to account for large deformations in an objective
incremental setting.

In addition to the mean-field model for the pre-
diction of the effective and phase-specific residual
stresses, the maximum entropy method (MEM)
of Kreher and Pompe [57] can applied to deter-
mine the stresses within individual grains. The
MEM is based on the principle of maximization
of information-theoretic entropy introduced by
Jaynes [60]. The results of the MEM generally rep-
resent an approximation for statistical quantities
whose exact values are only accessible with numeri-
cally complex full-field simulations.

General formulations of the maximum entropy
method were developed in Krause and Böhlke [61].
The validity of the maximum entropy estimate was
investigated for diverse materials, with good agree-
ment of the method with FFT simulations, espe-
cially for polycrystals. In Krause and Böhlke [62],
the MEMwas used to test whether the multiscale
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modeling of duplex steel used in the simulation is
valid with respect to the representation of residual
stresses on individual grain level.

4.6.2 Modeling of Residual Stresses
Based on Crystallographic Texture

The mechanical behavior of polycrystalline materi-
alsmaybe affectedby the crystallographic texture in
terms of both, the elastic anisotropy and the plastic
anisotropy.

In Bertram and Böhlke [63] a model for texture in-
duced elastic anisotropy is constructed and applied
to polycrystalline copper.

It is shown inBöhlke [64] that theuse of the leading
crystallographic texture coefficients alone (fourth-
order coefficients in the case of cubic single crystals)
allow the prediction of a deformation-induced plas-
tic anisotropy. For example, the Swift effect, i.e., the
elongation or contraction of torsion specimens in
the presence of large inelastic deformations can be
described in good agreement with experiments. In
addition to the phenomenological approach intro-
duced in Böhlke et al. [64], an evolution equation
of the texture coefficients based on the conservation
equation of the orientation distribution function
can be used, see Böhlke [65].

If the crystallographic texture is to be taken into
account in two-scale models, low-dimensional tex-
ture approximations must be determined to re-
duce the computational cost of texture induced
anisotropy models. These approximation can be
determined by optimization techniques [66] or
by partitioning strategies of the orientation space
[67].

Using such reduction techniques, forming pro-
cesses can be simulated based on experimentally
determined texture distributions [68], thereby us-
ing the properties of the individual phases in com-
bination with microstructure information.

An application to the modeling of residual stresses
in textured multi-phase materials is given in Si-
mon et al. [69].

The phase-specific elastic anisotropy is determined
from the experimentally analysed orientation distri-
bution function and single-crystal elastic constants.
For plastic anisotropy, the calibration parameters
of the crystallographic texture coefficients are ob-
tained by an optimization problem based on the
experimentally characterized macroscopic plastic
anisotropy.

4.7 Fundamentals of Fatigue Life
Estimation

Fatigue life estimation is a crucial part of the design
process of formed components. Residual stresses
have a paramount influence on fatigue behavior,
which is shown in theWöhler graph in figure 4.7 (a):
Compressive residual stresses shift theWöhler curve
higher, allowing for more load cycles until failure
N compared to residual stress-free components,
given the same external load amplitude σA. Ten-
sile residual stresses, on the other hand, reduce the
fatigue life of a component. Thus, their effect is
analogous to the one of themean stresswhich oc-
curs in case of asymmetrical loads with a loading
ratioRσ = Maximum load

Minimum load �= −1. The influence can
therefore also be displayed in a Haigh diagram (fig-
ure 4.7 (b)). However, this Wöhler curve only al-
lows descriptionof the residual stress’s influence for
one material point of the component. Since resid-
ual stresses are inhomogeneous by definition,

� local stressing – due to the tensorial superimpo-
sition of loading stress and residual stress

� and local strength – depending on the material
parameters such as tensile strength, fatigue limit
or fracture toughness which are also dependent
on the material history, e.g., due to forming

have to be evaluated pointwise.

The load amplitude plays an important role for
fatigue behavior. In the range of Low-Cycle Fa-
tigue (LCF), stresses are relatively high and can ex-
ceed the elastic limit. Plastic processes can lead to
redistribution and increase or decrease of residual
stresses. The decisive factor for fatigue life is the
(elastic and plastic) strain amplitude. On the other
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hand, in High-Cycle Fatigue (HCF), loading am-
plitudes are low and stresses remain macroscopi-
cally elastic. Changes in the residual stress state also
happen, but these are due to microscopic plastic
and damage processes. Fatigue life is mostly stress-
controlled.
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Figure 4.7 (a)Wöhler curves and (b)Haigh
diagram of smooth specimen subjected to
alternating tensile-compressive load without
mean stress. Grey area marks possible range
for varying residual stresses σres. Both based
on [70].

As shown in figure 4.8, the fatigue life of a com-
ponent can be divided into the crack initiation
stage and the crack propagation stage, leading to
failure eventually. Most components are designed
with regard to their lifetime until crack initiation.
Nonetheless, especially for thin-walled structures,
the lifetime of crack propagation is decisive as well.
Traditional fracture mechanics concepts can be
used to estimate the remaining fatigue life of an
already existing crack. However, recently the phase-
field method has also gained attention as it covers
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Figure 4.8 Top: Stages of fatigue life. Bottom:
Procedure of the Local Strain Approach for
estimation of fatigue life until crack initiation.

both the crack initiation stage and the propagation
stage in one framework, see chapter 10.

For the estimation of fatigue life until crack initia-
tion theLocal StrainApproach (LSA) is themethod
of choice as it evaluates the stressing and resistance
locally at the material point. It is therefore called a
material concept. Figure 4.8 gives an overview of its
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procedure. A linear elastic simulation of the com-
ponent 1© is the starting point. The subsequent
damage evaluation can be carried out at every mate-
rial point, typically only the most critical one – e.g.,
a notch – is chosen. The local stress-strain path 2©
for the given load sequence at this point is approxi-
mated with the cyclic stress-strain curve, which is
a material-specific curve that has to be provided as
an input. This revaluation of stresses and strains
(calledNeuber’s rule) represents a simplifiedmodel
for local plastic effects. Thereafter, the local dam-
aging effect of every load cycle is characterized by
a damage parameter, e.g., PSWT by Smith, Watson
and Topper 3©.

Residual stresses lead to a shift of the stress-strain
hysteresis. Since PSWT is dependent on the strain
amplitude and the positive stress range of the hys-
teresis (displayed by red rectangle), compressive
residual stresses decrease PSWT while tensile resid-
ual stresses increase it. The material’s resistance is
characterized by strainWöhler curves. The under-
lying idea is that the resistance of a material point
equals the one of a homogeneous specimen subject
to the same strain amplitude. In combination with
the damage parameter, they yield the local damage
and thereby the fatigue life of the entire component
4©. The LSA is part of the FKM guideline “non-
linear” [71]. According to the guideline, the stress-
strain behavior of the material is assumed to be
constant over its whole lifetime. In chapter 10, the
concept is extended to non-constant (“transient”)
material behavior and it is proposed to include the
forming history of the component as a first load
cycle within the fatigue life estimation.

A popular alternative to the LSA is the Notch
Stress Concept, governed by the FKM guidelines
[72]. It assumes linear elastic material behavior
and is therefore mostly suitable for HCF. In con-
trast to the material concept LSA, it is based on
nominal stresses and stress concentration factors
and characterizes resistance against fatigue with
component-dependent Wöhler curves, requiring
different curves for different problem setups.

If ultimately the advantageous effect of compres-
sive residual stresses is to be taken into account in
lifetime estimation it is important to ensure the sta-

bility of the residual stress state under cyclic loads.
In chapter 4.8, the relevant cyclic evolution of resid-
ual stress is discussed for the example of a beam
structure.

4.8 Residual Stresses as
Benchmark: 4 Point Bending
Beam

While in the previous sections the fundamentals
of modeling residual stresses and the impact on
fatigue life were described, in the following a sim-
ple test example is discussed. If a force-controlled
tension test with homogeneous deformation is con-
sidered, no residual stresses will occur at all. Due to
the simultaneous loading of neighbored domains,
the result is a specimen that has undergone plastic
deformation but has no type 1 residual stresses. The
loading path in figure 4.4 thus would end at point
2© in a stress free state. As a result, for emergence
of residual stresses inhomogeneous stress/strain
distributions are a general requirement. The sim-
plest test example which enables inhomogeneous
loading states is a bending test. A domain under
constant bending momentMb is depicted in fig-
ure 4.9.
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t

Mmax
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Mb Mb

1©

2©

1© 2©
− + − +

0

σ σres

Figure 4.9 Residual stresses resulting from a
pure bending process.

Considering an increasing Mb over time t, fig-
ure 4.9 shows the typical stress distribution of an
elastic-plastic bending state. In maximum load
state 1©, the cross section shows the elastic domain
near the neutral surface, while layers close to the
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specimen’s surface show the typical stress redistri-
bution due to plastification of thematerial. Remov-
ing the load and ensuringMb = 0 at the end of
unloading 2© leads to the profile of residual stresses
in typical double s-shape.

4.8.1 Setup and Aim

In order to investigate such a bending process and
the resulting residual stresses, a four-point bending
setup is chosen, since it leads to a pure bending state
between the inner supports. The consideration and
conduct of such abending test enables the construc-
tion of a benchmark for different simulation mod-
els. A process model, for example, should be able
to reproduce the resulting residual stress path de-
picted in figure 4.9 quantitatively if parametrized
correctly for the material used. In addition, this
type of investigation allows benchmarking of simu-
lationmodels that do not exclusively predict Type I
residual stresses. Using a multiscale approach and
scale transition techniques enables the considera-
tion of textures and the metallic microstructure,
see chapter 4.6.1. Such an investigation is carried
out in chapter 9 of project P4. Besides the forma-
tion of the residual stress, models for simulating
their change under cyclic loading as well as models
which incorporate the effect of the residual stresses
on fatigue life can also be benchmarked against test
results obtained using simple bending tests.

For demonstration, four-point bending tests were
carried out in order to investigate the level of resid-
ual stress in material 42CrMo4+QT (1.7225). The
associated test setup is shown in figure 4.10. The
cuboid specimens used have the dimension 8 ×
35× 270mm.

The parametrization data for the widely used
Chaboche plasticity model is presented in fig-
ure 4.11 (a) versus the optical measurement data
used for calibration via standard optimization pro-
cedure. The parameterswere determined according
to table 4.11 (b).

In the comparison of experiment and simulation,
the agreement achieved on the parametrization test
is already quite good. Only the initial, manufac-
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Figure 4.10 Test setup for the conducted
four-point bending tests. It is depicted with
the used support structures. The specimen is
loaded by an initial load which is followed by
cyclic loading of the structure.

turing induced asymmetry in tension and compres-
sion is lacking in the model. However, this effect
vanishes with increasing cycles.

4.8.2 Resulting Residual Stresses and
Simulation

First, the initial residual stress in figure 4.12 is dis-
cussed. It marks the state after initial loading fol-
lowed by unloading the bending beam, see fig-
ure 4.10. The measurements show the residual
stress distribution already qualitatively indicated
in figure 4.9. On the specimen’s tension side com-
pressive residual stresses occur while on the speci-
men’s compression side tensile residual stresses pre-
vail caused by the inhomogeneous loading state.

After initial loading some bending specimens are
cyclically loaded with load ratioRσ = 0.1, as de-
picted in figure 4.10. Subsequently, the specimen’s
tests are stopped at various states before fatigue
crack initiation. The specimens undergo experi-
mental measurement of residual stress in longitu-
dinal z-direction.

For the material under investigation, we see from
figure 4.12 an increasing tendency in residual stress
over accumulating fatigue life of the bending speci-
men. The relatively short period of increase is fol-

DFG Priority Program 2013



72 | Simulation and Modeling

(a)

-0.025 0.000 0.025 0.050
ε/−

-1000

-500

0

500

1000

σ
/M

P
a

Sim. #1

Exp.

(b)

Parameter Value for Sim. #1

E 187.15× 103 MPa

ν 0.3

k 629MPa

Q −298.9MPa

b 9.82

C(i)/MPa 1,380, 3.52× 105, 2.85× 104,

62.42× 107, 9.23× 104

γ(i) 0, 5.9× 104, 87.1,

76.01× 105, 376.4

Figure 4.11 (a) strain-controlled data from optical measurement and its simulation with the
parametrized Chaboche plasticity model. (b) material parameters of the calibrated model using
5 backstresses.

lowed by a stage of stabilization of residual stresses.
This behavior can be explained with cyclic soften-
ing behavior of the material used. Due to the repet-
itive loading, the structure experiences cyclic ratch-
eting in the force controlled experiment. The accu-
mulating plastic strain leads to a cyclic increase in
absolute residual stress values. After a phase of sta-
ble residual stresses a slight drop in residual stress
amount is visible in figure 4.12. This can be ex-
plained by emerging fatigue cracks at small length
scales. The structure starts failing and macroscopic
cracks may emerge afterwards.

For simulating the residual stresses in the bending
test the setup is modeled according to figure 4.10.
The simulations are then stopped and unloaded
after several discrete load cycles in order to investi-
gate the residual stresses at the compression side at
z = 0 in longitudinal direction, cf. figure 4.10. The
resulting graph of residual stress over load cycles for
the four-point bending beam under consideration
is depicted in figure 4.13. In addition to Sim. #1,
for which the parametrization result is shown in
Fig. 4.11 (a), Sim. #2 is included. This simulation
was performed with a different set of material pa-
rameters, which were determined with slightly dif-
ferent optimization constraints compared to the

0,0 0,5 1,0
Load cycles 1e4

-400

-200

0

200

400

σ
re
s/
M
P
a

Tension side
Compression side

Figure 4.12 Residual stresses of the bending
beam from Fig. 4.10 measured at z = 0 on
the tensile and compressive surface, respectively.
The x-ray measurement method was used on
both beam sides. [Measurements: Gibmeier
KIT, 2018].

parameters during parametrization. Sim. #2 also
fits well with the parametrization data.

The initial residual stress after bending can be pre-
dicted by both simulations. The qualitative in-
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crease in residual stress with accumulating load cy-
cles is recognizable in Sim. #1. Sim. #2 in turn does
not show any change in residual stress after the ini-
tial loading. Compared to the experiments, neither
simulation can predict the quantitative evolution
of residual stresses to full satisfaction. The reasons
for this can be numerous, e.g.:

� The material batches in parametrization and
the bending test are not the exactly same. Likely
differences may have an impact on performance
during residual stress simulation.

� Chaboche’s plasticity model overestimates
ratcheting. Thus, the shown parametrization
was done carefully with just a small amount of
ratcheting, i.e., γ(1) = 0. Using an advanced
model for cyclic plasticity could improve the
result.

� The choice of constraints on material parame-
ters during optimization affects the parametriza-
tion and in particular the prediction of residual
stress evolution, see Sim. #2 in figure 4.13. En-
hanced parametrization data should be consid-
ered.

� Possible sliding of the beam on the cylindrical
supports is not modeled in the simulation.

In order to investigate the benchmark more in de-
tail this possible problems have to be addressed in
future work. For sake of brevity, this is out of scope
of the present chapter.

Abbreviations and Symbols

HCF High-Cycle Fatigue
LCF Low-Cycle Fatigue
LSA Local Strain Approach

a (�x) fluctuation field tensor of strain (−)
A (�x) localization tensor (−)
b (�x) fluctuation field tensor of stress (MPa)

B (�x) localization tensor (MPa)

C stiffness tensor (MPa)

E Young’s modulus (MPa)

E Strain tensor (−)
Ee elastic-like strain tensor (−)
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Figure 4.13 Simulation of residual stresses in
bending tests using the parametrized Chaboche
model. The evaluation point is z = 0 on the
compression side in longitudinal direction ac-
cording to fig. 4.10. Additionally, Sim. #2 with
a different set of material parameters is shown.

Ep plastic strain tensor (−)
f yield function (MPa)

F force (N)

F deformation gradient (−)
Fe elastic deformation gradient (−)
Fp plastic deformation gradient (−)
g gap between contact point pair (m)

gn normal component of the gap (m)

gt tangential gap vector (m)

G shear modulus (MPa)

Mb bending moment (Nm)

N number of load cycles (−)
p accumulated plastic strain (−)
PSWT damage parameter of Smith, Watson

and Topper (MPa)

q arbitrary internal variables (−)
q heat flux (W/m2)

r heat source (W/kg)

R isotropic hardening variable (MPa)

Rσ load ratio (−)
s stress deviator (MPa)

t time (s)
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tn normal component of the contact
force (MPa)

tt tangential component of the contact
force (MPa)

t contact force (MPa)

t traction vector (MPa)

u specific internal energy (J/kg s)

Ui i-th nodal value of the displacement
(m)

u displacement (m)

x physical coordinate (m)

�x osition vector in current configura-
tion (m)

�X position vector in reference configura-
tion (m)

X backstress tensor (MPa)

y physical coordinate (m)

z physical coordinate (m)

εn normal penalty parameter (MPa/m)

εt tangential penalty parameter
(MPa/m)

εp plastic strain tensor (−)
εe elastic strain tensor (−)
η specific entropy (J/kgK)

ϑ temperature (K)

κ friction coefficient (−)
λ 1st lame parameter (MPa)

λn normal Lagrangemultiplier (MPa)

λt tangential Lagrange multiplier
(MPa)

μ 2nd lame parameter (MPa)

ν Poisson ratio (−)
ν test function (−)
ρ density (kg/m3)

σ one-dimensional Cauchy stress
(MPa)

σI, σII, eigenvalues of Cauchy stress

σIII tensor/principal stresses (MPa)

σ Cauchy stress tensor (MPa)

σres residual Cauchy stress tensor (MPa)

σy current yield stress (MPa)

σy0 initial yield stress (MPa)

ϕi i-th shape function (−)

ψ specific free energy (J/kg s)

Ψc total contact energy (J)

Δ(·) increment/change of (·)
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5 Residual Stress Analysis on Metal Components
Manufactured by Forming

Gibmeier, J.; Simon, N.

In the experimental analysis of residual stresses in
components manufactured by forming, it must be
taken into account that the sometimes complex
component geometries alone can cause problems
when even established analyzing methods are ap-
plied. In addition, common forming processes can
often be associated with high plastic deformations
and there are sometimes strong gradients in the
residual stresses in the lateral direction and also
in depth. Common residual stress analysis meth-
ods can very quickly reach their limits here, so that
sometimes adapted or newmeasurement and eval-
uation strategies have to be tried. Furthermore,
the effects of texture, texture gradients and multi-
phases that occur in formed components represent
major challenges, the influences of which have not
yet been satisfactorily taken into account in mea-
surement and evaluation. In the following sections,
these fundamental problems are addressed individ-
ually and possible solutions are shown. In particu-
lar, the problem of thin-walled sheet metal compo-
nents is dealt with and the multi-phase character
is also examined in more detail in a separate sec-
tion.

5.1 Basic Problems and Possible
Solutions

In general, methods for analysing residual stress are
divided into nondestructive and destructive meth-
ods. Nondestructive methods include diffraction
methods using (synchrotron) X-rays or neutron
radiation, as well as acoustic and magnetic meth-
ods [1]. Themechanicalmethods [2] are assigned to
the destructive processes. What all methods have
in common is that residual stresses can never be
measured directly. For the local analysis of resid-
ual stress distributions on components manufac-

tured by forming, the following challenges can be
attributed to all established methods:

� Complex component geometries
� Strong gradients of residual stress distributions
� Crystallographic texture
� Thin-walled components
� Multi-phase materials (residual stresses of I. +

II. kind).

These problems clearly limit the applicability of the
residual stress analysis methods. The points listed
are discussed in detail below one after the other.
The first point in the list addresses the presence of
complex component geometries.

The well-established methods for determining
residual stresses (e.g., hole drilling method or X-ray
diffraction method) can only be used to a limited
extent in most applications with complex compo-
nent geometries, since, e.g., the accessibility to the
measuring point is not sufficient or the achievable
information depth of the methods is simply too
small.

With regard to the destructive or partially destruc-
tivemechanicalmethods (e.g., saw cutmethod, bor-
ingmethod, turningmethod, hole drilling method,
ring core method), in which the elastic strain relax-
ations as a result of the disturbance of the residual
stresses balance by means of mechanical transduc-
ers (strain gauges) or optical methods, it remains to
be noted that some of the methods require strictly
regular geometries, such as the presence of cylin-
drical components in the boring or turning meth-
ods.

This limits applicability per se immensely. With the
ultrasonic methods and the electromagnetic test
methods, access to the measuring point is also via
the component surface. In the case of complex com-
ponent states, it must be ensured that the sensor is
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suitable for the selected measuring point and that
the measuring signals can be properly coupled.

In diffraction methods, a distinction is made
among diffraction methods using neutron, X-ray
and synchrotron X-ray radiation. In all diffraction
methods, the relative displacements of the mea-
sured interference line positions serve as the mea-
sured variable. The elastic distortion of the crystal
lattice is then determined from these. The mechan-
ical stresses can be determined on the basis of basic
equations of elasticity theory using lattice plane-
specific diffraction-elastic constants (DEC), which
take into account the elastic anisotropy of a crystal-
lite and the coupling of the crystallites in the multi-
crystal compound. The DEC can be determined
both experimentally in defined load stress analyses
and numerically by means of model assumptions
for the coupling of the crystallites (e.g., Voigt [3],
Reuss [4], Eshelby/Kröner [5, 6]) in the polycrystal
using the single crystal data.

The diffraction methods are generally counted
among the nondestructive methods. With regard
to the most common laboratory applications, the
X-ray residual stress analysis using soft X-rays (pho-
ton energies <30 keV), the nondestructive char-
acter is not unrestricted if knowledge about the
residual stress distribution in the depth of the com-
ponent is desired. With the help of soft X-rays, it is
basically possible to determine residual stress anal-
yses near the surface using the established sin2 ψ
method [7]. When examining steel, information
depths typically in the range of some micrometer
and using shorter wavelength of up to a maximum
of about 20 μm are available. The conventional
methods deliver averaged amounts of residual stress
over this depth of information.

With regard to the application to complex com-
ponent geometries, the measuring point must be
accessible for the actual diffraction analysis as well
as for the local electrochemical layer removal. There
are hardware limitations to consider here, but also
limitations stemming from the primary and sec-
ondary beam paths. Here, it must be ensured that
the primary and the diffracted X-ray beams are not
shadowed by component areas (e.g., by component
edges). For recommended measuring and evalua-

tion parameters and procedures it is referred, e.g.,
to the standrad BS EN 15305:2008 Nondestructive
testing. Test method for residual stress analysis by
X-ray diffraction

Using high-energy X-rays, typically high-energy
synchrotron radiation (photon energies>50 keV),
or also neutron beams, it is possible to non-
destructively analyze volume residual stresses at
sample depths of up to a few centimetres. With
the use of high-energy synchrotron radiation, the
low-index lattice plane types appear at relatively
small diffraction angles. This inevitably leads to
a loss of spatial resolution in at least one of the
spatial directions, since a rod-shaped measurement
volume is defined by the primary and secondary
beam apertures. In the case of larger component
volumes, the absorption of the material can even
make it impossible to measure the tri-axial residual
stress distribution, so that the workpiece may have
to be divided up in view of the accessibility of the
measuring point for the residual stress analysis [8,
9].

A major advantage of using neutron beams is the
comparatively large penetration depth of the neu-
trons (about 20mm for steel), which not only
enables measurements far below the surface of
samples. With a measurement volume defined by
means of the primary and secondary beam aper-
tures in a 90◦ beam geometry, it is also possible
to use a right-angled measurement volume with
almost the same resolution in all three spatial di-
rections. The size and shape of the measurement
volume can thus be kept constant for all sample ori-
entations required to determine the complete strain
tensor. Nowadays, position-sensitive area detectors
(PSD) are commonly used to increase the efficiency
of neutron diffractometers and to significantly re-
duce measurement times. When using neutron
beams, typically ameasurement volume larger than
1 × 1 × 1mm3 has to be selected in order to ob-
tain measurement times of an acceptable duration
[10]. To calculate the lattice deformation, knowl-
edge of the strain-free or strain-independent lattice
parameterD0 is required. The determination of
the reference valueD0 is generally difficult and is
to be regarded as problematic, particularly when
a multi-phase material is present. Numerous pos-
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sibilities for determiningD0 and their limitations
(e.g., plane stress state) are summarized in [1]. The
main disadvantage of using synchrotron X-rays or
neutron radiation for residual stress analysis is un-
doubtedly the availability of themethods, since this
is only given in the context of large-scale research,
i.e., using dedicated diffraction instruments at syn-
chrotron sources are neutron reactors or spallation
sources.

As already mentioned at the beginning, residual
stress distributions induced by forming often have
gradients in the lateral direction and also in depth
direction. This requires a certain spatial resolution
on the part of the analysis methods. In any case, in
the majority of cases it is not enough to carry out
residual stress analyzes on the immediate surface in
order to adequately characterise the process.

Rather, it is important to determine locally resolved
residual stress depth distributions over as large a
depth range as possible. The laboratory methods
most frequently used in technology to determine
residual stress depth distributions on complex com-
ponent geometries are X-ray residual stress analy-
sis using the sin2 ψ method and the incremental
hole drilling method. With regard to X-ray meth-
ods, special measurement and evaluation strategies
have been proposed for pronounced gradients of
residual stress distributions near the surface, which
allow nondestructive determination of depth dis-
tributions of residual stresses via the physically
given comparatively low information depth (e.g.,
[11, 12]).

As a rule, however, there are long-range residual
stress depth distributions in components manufac-
tured by forming. For their determination down
to great depths of a few millimetres, there is the
possibility of repeated application of the sin2 ψ
method after a gradual layer removal, usually using
electrolytic material removal. With this procedure,
repeated residual stress analyses are carried out on
the newly created material surfaces. However, this
method no longer works non-destructively and is
also associated with a great deal of time and effort.
In addition, in the case of partial material removal,
it must be carefully checked whether corrections
are required with regard to the macroscopic resid-

ual stresses that have been triggered. When remov-
ing the sub-layer, there is always a risk that signifi-
cant portions of the residual stress state will be re-
distributed as a result of the material removal and,
as a result, falsified residual stress distributions will
be determined.

With the X-ray method and also with the applica-
tion of the incremental hole drilling method for
the analysis of residual stress depth distributions, it
must be taken into account that in principle only
the plane stress state parallel to the component sur-
face can be imaged, whereas the residual stress com-
ponent normal to the component surface can usu-
ally be imaged with reasonable effort using labora-
tory methods is not solvable.

With regard to the use of the X-ray method with
relatively small layer removal depths of a few 10 μm
to a few 100 μm, there is no need to worry about
any rearrangement effects. In the case of larger re-
moval depths, however, any redistribution effects
of the residual stress distribution as a result of the
material removal must be taken into account.

This must be done using suitable correction algo-
rithms, for example according to Moore and Evans
[13] or using numerical approaches (e.g., FEM). In
this case, the method can also be used for removal
depths of a few millimetres.

With the incremental hole drilling method,
nominal hole diameters of ∅ 0.8mm and
∅ 1.6mm are usually realized as standard.
This allows the determination of the residual
stress depth distribution down to depths of
approximately 0.55mm or 1.2mm (corresponds
to approximately 65% to 70% of the hole
diameter).

Greater depths can also be mapped here, for ex-
ample by deviating from the standard and work-
ing with larger hole diameters. However, deviation
from the standard means also that the established
strain gauges for deviating hole diameters are not
available and must be designed and manufactured
at immensely higher prices. In general, it should be
noted that the highest possible number of revolu-
tions (100,000min−1) of the drilling tool must be
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realized when drilling, so that no additional resid-
ual stresses are induced in the measuring point by
the drilling procedure itself. At the same time, of
course, the use of a larger hole diameter inevitably
means a loss of spatial resolution and requires that
the calibration curves, which are stored in the com-
mercial evaluation software for the given standard
hole diameters, have to be calculated first. Here it
must be mentioned that not all commercially avail-
able hole drilling evaluation software has a data ex-
change interface to allow for reading in case-specific
calibration data provided from the user. Hence,
due to the restrictions mentioned and the fact that
the strain gauge measurement technology and the
underlying calibration functions for hole diameters
that deviate from the standard are not available, this
procedure is not recommended at this point.

Another way to increase the depth when using the
incremental hole drilling method is to extensively
remove this zone near the surface after drilling the
first hole (e.g., by milling in combination with sub-
sequent electrochemical material removal) and to
reapply the incremental hole drilling method on
the newly created surface.

Here, too, it is of course necessary to record the re-
distribution effects as a result of the local material
removal and to correct the residual stress analyses
for these effects. Due to the many sources of er-
ror in it, this approach is not recommended at this
point.

With regard to the presence of lateral residual stress
distributions, a spatial resolution that is as high as
possible is desirable, i.e., the area integrated over the
analysis methods should be kept as small as possi-
ble. With the diffraction method, this can be done
via the choice of apertures. However, the primary
aperture must also be chosen large enough that a
sufficient number of crystallites oriented in a fa-
vorable diffraction manner can be detected. The
choice of the primary aperture and the spatial reso-
lution that can be achieved are thus directly linked
to the local microstructure formation. With the in-
cremental hole drilling method, the smallest nomi-
nal drill hole diameter in standard use is∅ 0.8mm
and thus limits the spatial resolution that can be
achieved.

In the application of the incremental hole drilling
method on complex shaped components the selec-
tion of the measuring position must be in accor-
dancewith the geometric boundary conditions that
limit the applicability of the method. These condi-
tions are the minimum size of the component, the
distance of the hole to component edges, the dis-
tance between neighboring holes, the local radius
of curvature and the thickness of the component.
All these limitations scale with the nominal hole
diameter. Recommended values are for instance
listed in the descriptive standard ASTM837-20.

The contour method has established itself as an
alternative method in the area of formed solid com-
ponents. This process is basedon the fact thatwhen
a component is separated using a plane cut, the re-
lease of residual stresses normal to the cut surface
creates a topography. This can be measured using
coordinate measuring machines (CMM). These
displacements are then applied to an FEMmodel
of the component, so that in the end a 2D distri-
bution of the residual stress component normal
to the cut surface can be determined. Figure 5.1
shows an exemplary result that arose as part of a
cross-subproject cooperation in the SPP2013 for
the case of a hot-bulk-formed component made of
steel 100Cr6 (AISI 52100).

Figure 5.1 shows the results of the spatial distri-
bution of tangential RS on the cut surface of
AISI 52100 specimens after cooling in water as well
as cooling in air, for both, numerical simulation
(left) and experimental analysis using the contour
method (right). For the water-cooled specimen, the
FE simulation calculates a ring-shaped graded dis-
tribution of tangential RS for the thick-walled side.
The contour method, applied to the correspond-
ingly manufactured specimen, confirms the ring-
shaped graded distribution of the tangential RS for
the thick walled side. The shape of the surround-
ing tensileRSdistribution and centred compressive
RS distribution are qualitatively in very good ac-
cordance with the numerical results. A detailed
discussion of the results is given in the original pa-
per [14].

What can already be seen from the representation
in figure 5.1 is that the contourmethod is excellently
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Figure 5.1 Comparison of the spatial distribution of tangential RS on the cut surface of AISI 52100
after cooling in water or air from the FE-simulation and the contour method [14]

suited to making a direct comparison with FE sim-
ulations in terms of its representation of results.
However, it should be mentioned that the pro-
cess requires a minimum component size, so that
the method is not suitable for determining resid-
ual stress distributions on thin-walled components.
Furthermore, the method is also very well suited to
determine long-range residual stress distributions
on solid components. However, steep gradients
of residual stress distributions cannot be mapped
as well with this method. The representation of
the residual stresses near the component edges is
also insufficient. If these are also of particular in-
terest, it is recommended that the residual stress
distributions near the surface are determined using
complementary methods, such as the incremental
hole drilling method or X-ray diffraction.

As already mentioned, the sin2 ψ-method is usu-
ally used for X-ray residual stress analysis in labo-
ratory practice, since it is based on the determina-
tion of relative line position shifts and the absolute
value for the reference stateD0 (strain-freematerial
state) can only be known approximately [7]. How-
ever, this method is limited to isotropic material
states and therefore cannot be used reliably for ma-
terials with a pronounced crystallographic texture.

With regard to forming processes, further problems
are associated with the application of experimental
methods for residual stress analysis, since these pro-
cesses are often accompanied by the development
of a local crystallographic texture.

In any case, the application of the experimen-
tal residual stress analysis methods is associated
with problems if there are pronounced preferred
crystallographic orientations (local: coarse grain,
global: texture) [15]. On the one hand, this can
be due to measurement-related aspects, but also
to evaluation-related problems. Metrological prob-
lems arise when there are preferred crystallographic
orientations, mainly in the diffraction method.
Here, in special component orientations, due to
strong preferred orientations, sometimes no mea-
surement signal can be detected, since crystallites
that are oriented too little to favor diffraction sim-
ply contribute to the diffraction. Measurement
and evaluation strategies described in the literature
allow X-ray residual stress analyses to be carried
out successfully in the case of pronounced textures
(crystallite group method [16], stress factors Fij

[17]). However, the application of these special
methods is very complex, as they require sufficient
prior knowledge of the local preferred orientation,
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for example by determining the orientation distri-
bution function (ODF). When using the sin2 ψ
method for materials with a cubic crystal structure,
lattice planes of the type {hhh} and {h00} also pro-
vide approximately linear distributions of the line
positions over sin2 ψ for texturedmaterials and can
be used for the sin2 ψ method [18]. However, non-
linearities also occur for these lattice planes ifmicro-
residual stresses are present. The crystallite group
method can only be used with sufficiently sharp
textures if the texture can be characterized by a few
ideal layers or crystallite groups, respectively. Con-
sequently, for certain measurement directions only
one crystallite group contributes to the interference
phenomenon of the lattice plane. In the case of
multi-phase materials in particular, it can be ruled
out that no other crystallite group contributes to
the intensity pole [18].

Alternatively, instead of the lattice plane dependent
DEC stress factors, which are also dependent on
the respective measurement direction, are used for
the residual stress analysis [17]. Similar to the DEC,
the stress factors can be determined experimentally
or analytically. It should be noted here that the
stress factors may only be applied if no residual
stresses of type II are present. Themodels for calcu-
lating the stress factors are based on a linear-elastic
assumption and are therefore inaccurate when ES
are caused by plastic deformations [19]. Both meth-
ods have in common that the local texture must be
known, e.g., in the form of the orientation distribu-
tion function (ODF). Even if the material behavior
is isotropic, non-linear curves of the lattice spacing
Dhkl vs. sin2 ψ occur with increasing plastic de-
formation. These effects are caused by the plastic
anisotropy of the crystallites and cannot be taken
into account in the evaluation even if stress factors
are used.

The limitations and difficulties of residual stress
analysis on highly texturedmaterial states described
above also apply in principle to the neutrono-
graphic method. In [20], for example, the crystal-
lite group method is used to determine residual
stresses in a cold-rolled steel sheet using neutron
diffraction and the sin2 ψ method. This makes
use of the fact that, in comparison to RSA, line
positions up to sin2 ψ = 1 can be measured with-

out any problems, which is particularly advanta-
geous for textured materials, since intensity poles
are often present at sin2 ψ ≥ 0.75. The substi-
tution of the DEc by constants dependent on the
ODF is also used in neutron diffraction methods
[21]. Phase-specific residual stresses in a textured
ferritic-pearlitic steel wire were determined in [21].
An elegant alternative to determining the residual
stress state is the determination of strain pole fig-
ures [22], from which the stress orientation distri-
bution function [23] can be derived, which gives a
connection between crystal orientation-dependent
residual stresses and the Euler space. In addition
to the influence of the texture, the micro-residual
stresses are also taken into account. Subsequently,
residual stresses can be calculated for specific crystal
orientations. However, this method is very time-
consuming and expensive.

Also in the field ofmechanicalmethods for residual
stress analysis, first approaches were presented to
carry out meaningful residual stress analyses in the
case of strong crystallographic textures. Here are
the first results from the application of the incre-
mental hole drilling method on textured material
states [24]

With ultrasonic methods, it is possible to calculate
the residual stress state from ultrasonic transit time
measurements if the relevant material-specific con-
stants are known and the use of the acousto-elastic
effect is used. Electromagnetic test methods are
based on the evaluation of electrical and magnetic
parameters, which differ in terms of their interac-
tion with structural parameters and stress fields.

In this way, the methods allow a quantitative and
qualitative determination of material parameters
and stress states.

Acoustic and magnetic methods for the analysis
of residual stresses strongly depend on the local
microstructure of the material to be examined.

In addition, they integrate, especially in the depth
direction, over a relatively large measurement vol-
ume with sometimes very complex non-isometric
microstructure states and strong local gradients in
the lateral and in depth directions, so that these
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methods require careful calibration to the local mi-
crostructure.

In principle, the use of acoustic and micro-
magneticmethods is not recommendedwhen there
are preferred crystallographic orientations, since
the separation or the separate addressing of the in-
fluencing variables with these methods is possible
only with great effort or even not at all. Overall, it
is recommended that these methods should only
be applied accompanying to forming processes if
it is guaranteed that the process is characterised by
strictly reproducible microstructure since the cal-
ibration of the methods is very sensitive to small
changes, e.g., in grain size distribution, grain mor-
phologies or crystallographic texture.

5.2 Special Challenges with Formed
Sheet Metal Components

Sheet metal formed parts, such as those used in the
automotive industry, usually have large dimensions
(in the cm tom range) but low wall thicknesses of
just a few mm. Due to the strong gradients of plas-
tic deformation that typically occur in the forming
process, pronounced residual stress gradients are
to be expected, both in the direction of the sheet
thickness and in the direction of the plane of the
sheet.

Only a few methods are suitable for a locally re-
solved residual stress analysis on thin-walled com-
ponents.

Among the laboratory methods, the incremental
hole drilling method and the X-ray methods can be
used here, although certain limitations must also
be considered with these methods (see, e.g., stan-
dard ASTM837-20 for the hole drilling method).
When using the incremental hole drilling method,
it should be noted that sheet metal samples have
a lower bending stiffness than do solid compo-
nents.

If the balance of residual stresses is disturbed by
the introduction of the blind hole, deviating strain
releases occur [25].

If the component thickness is below the minimum
required to carry out the standardized procedure,
this must be taken into account by selecting special
calibration (case-specific calibration) data adapted
to the component geometry in the stress evalua-
tion.

Otherwise, the evaluation with standardized cali-
bration data sometimes leads to significant errors.
Furthermore, when carrying out the hole drilling
experiment, attentionmust be paid to suitable com-
ponent support or component fixture, respectively.
The support condition should allow free deforma-
tion on the top and bottom of the sheet, see fig-
ure 5.2. Only if this is considered does the appli-
cation of numerically calculated calibration data,
adjusted to the sheet thickness, finally lead to an
improved stress evaluation [26].

When using X-ray diffraction, it must be taken
into account that the dimensions of the sheetmetal
parts often exceed the available sample space in sta-
tionary diffractometers. Mobile diffractometers
are advantageous here, although their basic limi-
tations, such as the severely limited ψ-angle range,
remain. With regard to an experimental residual
stress analysis on sheet metal components, the mea-
suring points that are difficult to access, e.g., beads
and radii, are often of interest. In order to avoid
shadowing of the X-ray radiation at such measur-
ing points, or to be able to analyse the components
in stationary diffractometers, it is therefore essen-
tial to section smaller samples from the component.
The effects of redistributions of the original resid-
ual stress states, which inevitably accompanies the
removal of stressed material and caused changes
to the residual stress distributions at the chosen
measuring position, must be taken into account in
this case. With the help of numerical methods, the
stress redistribution can be simulated by freeing the
measuring point. In addition, strain relaxation can
be recorded during the cutting process using strain
gauges.

Problems that are connected to crystallographic
textures that are often present in sheet metals were
already discussed before and must be considered
accordingly.
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Figure 5.2 Influence of the sample support or sample fixture on the initiation of strain when
performing the incremental hole drilling method on a thin-walled component; ideal point support
(red), disc support withDi = 10mm (green), ring support withDi = 10mm (blue) and ring
support withDi = 58mm (black) – data modified from [26].

5.3 Procedure for Analyzing
Multi-phase Material States

The analysis of the phase-specific residual stresses
requires the use of diffraction methods such as X-
ray, synchrotronX-ray or neutron diffractionmeth-
ods.

If the microstructure is sufficiently fine-grained,
well-established methods have been described for
isotropic material states [27, 28].

The basic requirement is that the phase compo-
nents are sufficiently high to be able to record a
diffraction line that can be evaluated at all. For
reasons of practical relevance, a minimum volume
percentage of approximately 10% is often given
here.

For the displacement of the line positions of the
diffraction lines, which are usually evaluated to de-

termine the residual stresses, the sum of the resid-
ual stresses of the kind I (macro-residual stresses)
and themean values of the homogeneous (directed)
components of the micro-residual stresses (kinds II
and III) causal.

The macro-residual stresses, which are important
for the engineer, can be determined from the
phase-specific residual stresses using a simple rule
of mixtures if the existing phase components are
known.

The basic requirement here is that the phase-
specific residual stresses are also determined in all
phases. Conversely, it is also possible to separate
the macro-residual stresses from the homogeneous
components of the micro-residual stresses, pro-
vided that measurements are carried out in all ma-
terial phases present and the volume proportions
of the phases in the total volume of the material are
reliably determined [29].
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Furthermore, the mean values of the inhomoge-
neous (non-directional) micro-residual stresses can
also be determined on the basis of the widths of
the interference lines (half-value width, integral
width).

Methods are described in the literature, such as how
the degree of strain hardening of a material or the
dislocation density can be determined [30, 31].

In the case of multi-phase materials, the crystallo-
graphic texture of each phase must be determined
for components produced by forming. In addition,
the stress-free lattice plane distances D0 must be
known for all phases in order to calculate the resid-
ual stresses.

In the presence of gradients (chemical gradients) or
a rough multi-phase character, this reference value
is difficult to determine. In particular, it is unclear
what influence a crystallographic texture has on
the determination of the lattice parameters of the
strain-free state and thus on the analysis of the local
residual stresses in multi-phase material states.

5.4 Real-time Insights into Metal
Forming Processes Using
Diffraction Methods

Diffraction methods as well as ultrasonic and mag-
netic methods are fundamentally suitable for map-
ping the development of residual stresses over time
during the course of technical manufacturing pro-
cesses (in-situ analyses). However, the application
of the acoustic and magnetic methods appears to
be problematic, since the quantities recorded by
measurement are sensitive to the existing residual
stresses, but also to the locally present microstruc-
tures.

In the case of time-varying formations of the local
microstructures, a suitable calibration is extremely
problematic or even impossible. The greatest po-
tential can be attributed to the diffraction meth-
odsusinghigh-energy synchrotron radiation (angle-
and energy-dispersive), especially in the case of fast
processes. Depending on the beam source used,

there is usually a sufficient photonflowhere, which,
in combination with fast detector technology, even
allows real-time insights into fast-moving heat treat-
ment processes, for example.

In this way, the temporal development of the me-
chanical stresses and the transformation kinetics
in relatively fast technical heat treatment processes
such as arc welding [32–34], laser beam hardening
[35, 36] or case hardening with low-pressure carbur-
ization [37, 38]. In the field of forming processes,
for example, in situ diffraction analyses during the
rotary swaging process or the deep rolling of steel
[39] should bementioned. With the use of fastmea-
suring techniques, a deeper understanding of the
process can be gained via in situ stress analyses and
the optimization of the process can be advanced.
In addition, the in situ diffraction analyses allow
the determination of extensive databases for the
time-resolved validation and ultimately also the im-
provement of the prediction accuracy of process
simulations.

As a result of the different interactions between
the neutron radiation and the material volume and
the associated lower flux at the sample, neutron
radiation could be used to carry out processes that
take place more slowly, such as, e.g., cooling from
the melt in casting experiments [40, 41].

Furthermore, in situ stress analyses are also suitable
for studying the load distribution behavior in the
elastic and in the elastic-plastic material regime in
multi-phase material states in defined load stress
tests. While laboratory tests on load distribution
are usually limited to a few families of lattice planes
hkl, a large number of different lattice planes of
all material phases contributing to diffraction can
be studied using high-energy synchrotron X-ray
radiation in large-scale research, see figure 5.3.

In this way, detailed knowledge about the direction-
dependent, phase-specific hardening behavior and,
if crystallographic textures are present, the develop-
ment of these with increasing plastic deformation
can be analysed. In particular, these test data then
offer the possibility of applying the complex ap-
proach for calculating harmonic strain and stress
functions, which also enables a reliable residual
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Figure 5.3 In situ tensile tests on austenitic-ferritic stainless steel EN 1.4362 at the Deutsches Elek-
tronen Synchrotron DESY (Petra III, P07): a) Experimental setup; b) diffractogram of an angular
segment of the diffraction rings; (c) Lattice strain development for ferrite (α) and austenite (γ).

stress analysis for heavily plastically deformed, tex-
tured material states [42]. Figure 5.3 shows the first
exemplary results of such in-situ investigations un-
der uniaxial tensile stress) for the case of the lean du-

plex stainless steel X2CrNiN23-4, with the phases
ferrite (α) and austenite (γ) in a ratio of approxi-
mately 50: 50.
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5.5 Benchmarks

The task of the expert group within the framework
of the SPP2013 is to discuss and ultimately provide
suitable measurement and evaluation strategies for
sometimes complex issues through intensive coop-
eration between the participating institutions. In
addition, the joint work in the expert group focuses
on upgrading the different measurement methods
for the respective application. In addition, the cal-
ibration of the less well-established methods was
aimed at in cross-sub-project bilateral/trilateral co-
operation by comparing different measurement
techniques. The insights gained in this coopera-
tion are reflected back to the group of participants
in the regular specialist group meetings so that a
valuable transfer of knowledge takes place in this
way.

In the course of the work of the expert group, vari-
ous benchmarks and interlaboratory comparisons
were initiated with the aim of bringing the experi-
mental groups together and discussing and finally
defining themeasurement and evaluation strategies
suitable for special measurement tasks.

For this purpose, an interlaboratory test was ini-
tially carried out in which the residual stress distri-
bution induced by shot peening was to be deter-
mined in a defined – initially single-phase – mate-
rial condition using different measurement meth-
ods. In another round robin test, the depth distri-
butions of the residual stresses on bars that were
subjected to a defined elastic-plastic torsional load-
ing were determined.

Benchmark on Shot-peened Steel
42CrMo4 Samples

The benchmark on the shot-peened sample of the
heat-treated steel 42CrMo4, which is considered
to be single-phase, was initially initiated in order to
determine the extent to which comparable depth
distributions of the residual stresses can bemapped
using differentmethods anddifferentmeasurement
and evaluation strategies. On the process side, resid-
ual stress depth distributions were determined us-

ing X-ray residual stress analysis, incremental hole
drilling methods, micro-magnetic methods and
nanoindentation. The results showed that, after ad-
justing themeasurement and evaluation conditions
using the X-ray method and the incremental hole
drilling method, the participating institutions were
ultimately able to determine comparable residual
stress depth distributions.

Benchmark on Torsionally Loaded
Cylindrical Specimens

In a further round robin test, which was much
more extensive, three different materials, which
were all materials that were applied in various sub-
projects were examined. The materials applied
for this benchmark are 1.4404 (austenitic steel
X2CrNiMo17-12-2, fcc), heat-treated steel 1.7225
(42CrMo4, in the heat-treated state, bcc) and du-
plex stainless steel 1.4462 (X2CrNiMoN22-5-3, fc-
c/bcc in a 50: 50 ratio). In figure 5.4 the work
hardening curves measured using a standard tensile
test for the three materials in the as delivered state
are compared.

Figure 5.4 Tensile test results of the three mate-
rials investigated (mean values of three samples
each).

An elastic-plastic torsion stress (free-end torsion
test) up to a maximummachine angle of 80◦ was
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Figure 5.5 Benchmark on torsionally deformed cylindrical specimens of quenched and tempered
steel 1.7225 (42CrMo4): (a) residual stress measurement position; (b) residual stress state according
to the incremental hole drilling method (IHD) performed by institute E; (c) residual stress depth
gradient according to XRDmeasurements combined with stepwise layer removal performed by
institutes A-D.

applied to cylindrical specimens with a diameter
of∅ 10mm in the measuring length cross-section.
Figure 5.6 shows the mean curves of the instru-
mented torsion test with realized machine angles
of 80◦ (torsional moment is plotted vs. the ma-
chine angle). Since the benchmark is designed
to be interdisciplinary these curves for the tensile
tests and from the instrumented torsional tests are
used in the working group “mechanics” (Fachkreis
Mechanik) as input data for the numerical simula-
tions of the torsional tests. Also information about
the microstructure and about the phase-specific
crystallographic texture as ODF (orientation distri-
bution functions).

The samples therefore showed characteristic depth
distributions of the residual shear stresses, which
should be resolved using different analysis meth-
ods. What is special about the choice of material
is that the austenitic steel 1.4404 and the duplex

stainless steel 1.4462 already have manufacturing
related crystallographic (phase-specific) textures in
the as-delivered states. In addition to the texture
problem, the duplex stainless steel also addresses the
problem of multi-phase materials. In the further
course of the benchmark, the experimentally de-
termined results were compared with results from
numerical simulations of the torsion tests as stated
before. The target values in both, the experimental
work and the numerical simulations, are the depth
distributions of the residual stresses. A joint consid-
eration of the results of the numerical and experi-
mental part of the torsion benchmark test can then
be found in the presentation of the “mechanics”
working group (Fachkreis Mechanik).

Figure 5.5 shows an example of the experimental
results for this torsion benchmark for the material
1.7225. In the partial figure (c) only the results of the
X-ray analyses from4different institutions (A, B,C
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Figure 5.6 Torsional moment for “free-end tor-
sion” tests up to a machine angle of 80◦ (includ-
ing relaxation and unloading) of the three ma-
terials investigated (mean values of 8 samples
each).

and D) are shown in this exemplary representation
of parts of the results for the components in the
axial direction, in the tangential direction and for
the residual shear stress components−45◦ and 45◦.
In partial figure (b) the corresponding results of the
incremental hole drilling method (institute E) are
shown. The results indicate that in all cases the
shear stress state was well determined, while hole
drilling as well as XRD in axial direction proved
an almost a stress-free state. The different measure-
ment and evaluation strategies result in a deviation
of slightly more than 100MPa at maximum for
the values determined with the X-ray stress analysis.
Moreover, there is a tendency to determine slightly
lower shear residual stress components using the
incremental hole drilling method.
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6 Targeted Induction and Stabilization of Residual Stresses
in Austenitic Disc Springs by Incremental Forming and
Integrated Surface Layer Treatment

Hajavifard, R.; Baak, N.; Walther, F.;
Afzal, M. J.; Besong, L. I.; Buhl, J.

6.1 Summary

According to DIN 2092, disc springs are conical
ring-shaped discs that provide high spring force
withminimum spring deflection and optimum spa-
tial efficiency. Theymust demonstrate considerable
stability in their spring characteristics and fatigue
strength during operation. Tensile stresses, which
limit the application range of disc springs, are ob-
served near the support point on the underside
when the operational load is applied. Shot peen-
ing can create compressive stresses in these strained
areas, extending the operating limits for specific
yield and fatigue strength. However, the geometry
and characteristics of the spring change during shot
peening.

The project aimed to develop incremental form-
ing processes that allow precise control of residual
stresses in disc springs, resulting in improved spring
characteristics and superior cyclic strength. The ap-
proach incorporates residual stress generation into
the forming process, thereby avoiding costly post-
treatment such as shot peening, the use of more
expensivematerials, manufacture of special springs,
or an increase in the installation space.

The project’s initial phase demonstrated that incre-
mental forming allows an integrated process adjust-
ment of desired compressive residual stresses, where
the tangential compressive residual stresses exceed
the radial stresses in the area of the spring with ten-
sile stresses (see figure 6.1). These residual stresses
balance the spring load. In metastable austenitic
steels, localized contact also triggers martensite for-
mation near the surface, resulting in high compres-

Figure 6.1 Application of disc springs and de-
sired tangential residual stresses.

sive residual stresses. This phase transformation af-
fects fatigue properties and allows the spring char-
acteristic to shift to higher forces, increasing the
capacity for elastic energy storage.

In line with the objectives of the priority program,
the aim was to gain a quantitative understanding
of the residual stress evolution in austenitic stain-
less steel during incremental forming with inte-
grated rolling. Here is important to consider key
disturbance variables and material inconsistencies
that affect spring properties such as energy storage
capacity, fatigue strength, and stability of spring
characteristics. The aim is also to quantify the im-
provements in spring properties achieved by incre-
mental forming and to validate the developed resid-
ual stress generation models and the rapid residual
stress measurement method using micromagnetic
measurements.

At the end of the project, the technological objec-
tive is to use temperature-controlled, rapid incre-
mental forming processes to specifically compen-
sate for material variations and to set desired spring
characteristics with optimum stability under oscil-
lating loads. In terms of the programmed objec-
tives, the third application phase, therefore, aims to
make the ISF process isothermal (minimizing the
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disturbance “temperature”) despite high forming
speeds, to design the associated tooling technol-
ogy, and to use a predictive model to optimally
adapt the forming parameters based on process
force and martensite content to material variations.
Another objective is to develop a multisensor sys-
tem equipped with micromagnetic, thermal, and
X-ray diffraction sensors and to use it for condition
monitoring of the disc spring characteristics under
specific operating conditions. Finally, neural net-
work models are developed to improve or predict
spring properties through the selective introduc-
tion of residual stresses in spring hard austenitic
materials for disc spring operation at low and ele-
vated temperatures.

6.2 Keywords

Disc spring; residual stress stability; incremen-
tal sheet forming; micromagnetic measurement,
metastable austenitic stainless steel; martensite for-
mation.

6.3 Introduction

The performance of disc springs can be improved
by inducing compressive residual stresses in areas
subjected to tensile loading, which delays the initi-
ation and growth of fatigue cracks [1, 2]. The sta-
bility of these induced stresses, under continuous
or repeated loading, is a critical feature. Shot peen-
ing, a traditional process for inducing compressive
stresses, involves shooting tiny spherical hard metal
or ceramic balls at high speed onto the sample sur-
face, causing local plastic deformation and altering
surface properties such as its topography, residual
stresses, and work hardening [3, 4]. However, this
technique can increase production time and cost
and potentially degrade spring properties, includ-
ing peened components’ surface geometry and tex-
ture. In addition, the random nature of the pro-
cess makes it difficult to control the residual stress
content in the treated components consistently [1,
5].

Metastable austenitic stainless steels (MASS),
which are flexible, robust, and resistant to stress
relaxation and corrosion, show promising poten-
tial for manufacturing disc springs. They can with-
stand plastic deformation during forming and op-
eration. They can undergo a strain-induced phase
transformation from γ-austenite to α’-martensite,
which increases the ductility and strength of the
material [6, 7, 8].

In this research, the team used incremental sheet
forming (ISF) as an alternative technique for induc-
ing targeted compressive residual stresses in disc
springs to optimize their properties. In the ISF pro-
cess, a forming tool follows a toolpath defined by
computer-aided manufacturing (CAM) program
to form the sheet material to the desired final shape
incrementally. The local deformation mechanisms
of the ISF process can exceed the standard form-
ing limit curves for similarly shaped components,
which inherently increases residual stresses and is
often associated with large geometric deviations
[9, 10, 11]. Researchers have sought to utilize these
forming-induced stresses to enhance the properties
of the springs rather than relieving them, as is typi-
cally done in post-formingmethods to improve the
geometric accuracy of formed components [12].

According to a study by Katajarinne et al. [13],
martensite transformation can be controlled by in-
cremental sheet forming to modify the ductility
and strength of the material. Previous research has
investigated the evolution of near-surface compres-
sive stresses on AISI 304L (1.4307) produced by dif-
ferent surface treatments, the relationship between
deformation-induced martensite content and com-
pressive residual stress level in AISI 304L compo-
nents, the effect of a single laser beam on residual
stress properties in AISI 304 (1.4301) components,
and the comparison of fatigue behavior of annealed
and cold-rolled AISI 301LN (1.4318) components
after shot peening.

The present study aims to tailor the microstruc-
ture and residual stress characteristics of austenitic
disc springs using incremental sheet metal forming
to improve their properties. A primary objective
is to assess the influence of deformation-induced
martensite formation on the magnitude and stabil-
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ity of induced stresses and to follow the austenite-
martensite phase transformation using the finite el-
ement method. Artificial neural networks (ANN)
are constructed to predict the outcomes of rolling,
incremental forming and the spring performance
in different conditions.

6.4 Experimental Methods

6.4.1 Production of Various Batches with
Rolling

Themost significant disturbance in the production
of disc springs with defined properties are fluctua-
tions in the material. Batch fluctuations may occur
in the cold rolling process. At the start of the rolling
process, the roll and plate are at room temperature
and both may heat up to 300 ◦C due to energy dis-
sipated from forming and friction. The investiga-
tions were conducted on the austenitic steels EN
1.4310 and EN 1.4401. In order to eliminate the
effects of the processing history, the blanks were
heated to 1,060 ◦C and 1,090 ◦C, respectively, and
cooled in the furnace. This results in dissolution
of the initial martensite content. The dimensions
of the blank were: Length (l) = 155mm, width
(w) = 155mm and thickness (t) = 3mm. The
final plate thickness was obtained by rolling. The
rollingprocesswas carried out at roomtemperature,
80 ◦C and 300 ◦C (figure 6.2). Table 6.1 shows the
desired thickness of the blanks and the number of
rolling passes required to obtain the blank thick-
nesses. The temperable rolling mill of Carl Wezel
GmbH with a maximum force of 1,600 kN was
used to form the blanks. The roll diameter was
330mm, the roll width was 800mm and a rolling
speed of 30m/minwas used in the tests. In addi-
tion to the blank batches produced in-house, other
batches were obtained from industry and used di-
rectly in incremental sheet forming.

6.4.2 Robot Based Incremental Forming

An ABB industrial robot IRB 6700-300 with 6
axes and amaximum force capacity of 3,000N in z-
directionwas used for the incremental forming (see

Figure 6.2 Rolling at elevated temperatures.

figure 6.3 a). Different tooling systems were devel-
oped during the project phases. The die used in the
third phase had cooling channels through which
compressed air or fluids, can flow (figure 6.3 b).
The die was designed based on the results of nu-
merical simulations. Some details of the die design
are presented in the section with numerical mod-
els. Various hardening methods were tested to im-
prove the tool hardness due to high abrasion in the
forming of spring steel EN1.4310. The highest hard-
ness was measured in the tool made of 1.4571 with
a HARD-INOX®-S-treatment. A continuous lu-
bricant supply was used to ensure lubrication even
at high temperatures (figure 6.3 c).

Figure 6.3 a) Industrial robot b) Die with cool-
ing channels c) Formed disk spring.

The forces in experiments were measured in three
spatial directions by the tool holder (load cell sen-
sor 2500). The measured maximum force depends
on the robot position. The tool holder can travel
at a maximum speed of 180 ◦/s and switches off
in the event of an overload. If the sheet starts to
wrinkle during processing or the forming force
rapidly increases, the final spring geometry cannot
be achieved.
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Table 6.1 Rolling parameters for blank creation

AISI 301 Temp.(◦C) Rolling deformation φ No. of passes Rolling force (kN)

RT 5, 4, 3 1,550

80 0.4, 0.3, 0.2 4, 3, 2 1,375

300 2, 1, 1 1,000

AISI 301 Temp.(◦C) Rolling deformation φ No. of passes Rolling force (kN)

RT 4, 3, 2 1,345

80 0.4, 0.3, 0.2 3, 2, 2 1,150

300 1, 1, 1 850

In addition to force measurement, the blank tem-
peratures were recorded by welded thermocouples
of type K and by means of a thermal camera (In-
fraTec Variocam 600HD). The Fischer FMP30 fer-
ritscope was integrated into the die to measure the
formed martensite content (figure 6.3 c). Hence,
the forming process is appropriately monitored
which permits the implementation of control loops
in the forming process.

6.4.3 Multisensor Test Setup

The evaluation of the mechanical properties of
disc springs was carried out using a servohydraulic
testing system (F = ±10 kN) equipped with an
inhouse-developed multisensory (figure 6.4).

As mentioned earlier, this multisensor setup con-
tains micromagnetic, thermal, and X-ray diffrac-
tion sensors, which are used tomonitor the changes
in the properties of disc springs under service con-
ditions.

The force-displacement diagrams for disc springs
formed incrementally and traditionally from 1.4310,
and 1.4401 steels were obtained by flattening at a
strain rate of ε̇ = 0.0025/s. The disc springs had
dimensions of 112/57/1mm (De/Di/t).

The same setup was used to evaluate the fatigue
behavior of disc springs and analyze residual stresses
stability.

A sinusoidal load-time function with a frequency
of f = 10Hz and a force ratio of R = 10 to an
ultimate load cycle number ofN = 2.5 × 10+6

was used for these tests.

Figure 6.4 Inhouse-developed multisensor test
setup for the disc springs.

6.4.4 Microstructural Analyses and
Residual Stress Measurements

The the initial microstructures of the plates, which
were rolled at various temperatures, were studiedus-
ing scanning electronmicroscopy. Residual stresses
within the disc springs were measured using two
different X-ray diffractometers (XRD) setups. A
portable instrument called μ-X360 was used for in-
situ measurements (figure 6.4). This instrument
uses CrKα-radiation and operates according to the
cosα method [14]. An X-ray incidence angle of
ψ0 = 35◦ was selected to measure the residual
stress content of the disc springs. Retained austen-
ite content was measured at an X-ray incidence an-
gle of ψ0 = 18◦. The Bruker D8 Discover XRD
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was used for intermittent measurements in the tan-
gential direction based on the sin2 θmethod. For
these analyses, five measurement angles [0; 11.25;
22.5; 37.75; 45◦ were considered for both 90◦ and
270◦ azimuth positions using Cu radiation with
a current of 40mA and a voltage of 40 kV. The
2θ range was from 112◦ to 123◦ with a peak at
118.194◦. The plane of diffraction was, therefore,
the [400] plane. A step size of 0.1◦ was used, with
each measurement point taking 20 seconds. A col-
limator with a diameter of 2mmwas employed in
the measurements.

6.4.5 Developing a Micromagnetic
Method for Residual Stress
Measurements

Developing a nondestructive magnetic Barkhau-
sen noise method for measuring residual stresses
requires establishing calibration curves. The cali-
bration process was performed using a bent speci-
men made of 1.4310. A four-point bending fixture
was used to incrementally increase the applied stress
with a step size of62.5MPa to amaximumstress of
±500MPa at the bottom and top of the specimen.
After reaching the maximum values, the stress was
relieved in the same steps down to 0MPa. This
loading sequence was repeated twice. At each step,
the MBR was measured in the longitudinal and
transverse directions in the loading direction. The
experimental setup can be seen in figure 6.5.

Figure 6.5Experimental setup for residual stress
measurement.

6.5 Numerical Models

Microscale finite element simulations were con-
ducted tomodel changes inmicromechanical prop-
erties. The macroscale model is used to build up
changes over the manufacturing history of the
spring. The micro- and macroscale models were
calibrated using experiments.

6.5.1 Microscale Simulation Model
(CPFEM)

To model microscale changes in the material pa-
rameters, microscale FEMmodels based on “Crys-
tal Plasticity” (CP) were implemented in the FE
software Abaqus® using a subroutine [15, 16].
For 1.3410, both the volume of retained austenite
and the mean free path of austenite dislocations
influence austenite properties in strain-induced
martensite transformation. Kinematic strain hard-
ening can be calculated by stress-strain-dependent
martensite formation for certain temperatures on
themicro level. The stress-strains of individual crys-
tals were homogenized and validated with experi-
mental data. Anisotropic kinematic strain harden-
ing was determined in the CP-FEMmodel, based
on the work of [16, 17].

Total deformation is:

F = F eF trF p

Ḟ tr =
NT∑
I=1

ζ̇stressI NI

(Equation 6.1)

Martensitic nucleation and the growth are defined
as:

ζ = ζ0 + ζstrain + ζstress 0 ≤ ζ ≤ 1
(Equation 6.2)

The thermodynamic driving force for strain-
induced martensite nucleation:

ℵ̇strain
I = −[12ΔG(ζ2I − ζ3I )]

ζ̇strainI = Cnuc

⎛
⎝1−

NT∑
J=1

ζJ

⎞
⎠ ṖIℵstrain

I γ̇α

(Equation 6.3)
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whereΔG is taken from [17]. The thermodynamic
driving force for stress-induced martensite nucle-
ation can be written as:

ℵstress
I = det(F )

σ

2

(
F eÑIF

e−1

+F eT ÑT
I F

e−T
)
− ℵstrain

I

ζ̇stressI = Cgro(ζ0 + ζstrain)

⎛
⎝1−

NT∑
β=1

ζβ

⎞
⎠

ṖIℵstrain
I

(Equation 6.4)
The localCPFEMmodel is extendedwith the strain
gradient approach, which leads to the flow rule of
the non-local term for TRIP steels.

γ̇α = γ̇0

∣∣∣∣τατ̂α
∣∣∣∣n sign(τα) (Equation 6.5)

Flow rule of the non-local term (TRIP+TWIP):

γ̇α = γ̇0

∣∣∣∣ τα + ταGND

τ̂α + τ̂αGNDi

∣∣∣∣n sign(τα + ταGND)

(Equation 6.6)
Lamellar hardening in flow rule:

γ̇α = γ̇0

∣∣∣∣ τα + ταGND

τ̂α + τ̂αGNDi + τ̂αtwip

∣∣∣∣n sign(τα+ταGND)

(Equation 6.7)
And the lamellar structure with:

τ̂αtwip = cMHDμ
NT∑
I=1

ψ̇I (Equation 6.8)

τα =
det(F )

2
· σ · (F eF trMαF

tr−1

F e−1

+ F e−T

F tr−T

MT
α F

trTF eT )
(Equation 6.9)

6.5.2 Macroscale Simulation Model

The TRIP effect, which is mapped with the Olsen-
Cohen model (OC) (Equation 6.6), was modified
via the parameters β and ξ in such a way that, in
addition to the plastic strain, the strain rate and
temperature influence onmartensite formation are
taken into account. The material model was imple-
mented in the commercial FE software Abaqus® as

a subroutine; the coefficients were determined by
inverse simulation and published in [18, 19]. This
sigmoidal function relates the martensitic volume
fraction and the plastic strains [20]:

fα′ = 1− exp{−β0(1− exp(−ξε)n)}
(Equation 6.10)

The rate of the shear-band formation is controlled
by the parameter ξ with increasing strain and is
dependent on the stacking fault energy. The varia-
tion of parameter β0 controls the probability that a
martensitic nucleus will be generated from the em-
bryo. It is governed by the chemical driving force
of the transformation γ → α′. The term n acts
as a fitting parameter and is taken as 2 [21]. The
transformation rate of the model is mathematically
represented as:

dfα′

dε
= −nξ(1− fα′) ln(1− fα′)

exp(ξε)− 1
(Equation 6.11)

The incremental formulation used to calculate the
volume fraction of the martensite:

ḟsb = ξ(1− fsb)ε̇p

M = ξβ0nf
n−1
sb (1− fsb)

ḟnm =M(1− fnm)ε̇p

Vnm = Va0fnm

(Equation 6.12)

where fsb, fnm denote the normalized shear band
and transformed volume fraction of martensite.
The incremental plastic strain (εp) is provided by
the constitutive framework. The shear band forma-
tion and nucleation of martensite are functions of
the temperature.

α = Aα
2 +

Aα
1 − Aα

2

1 + exp
(
T−Tα

ΔTα

)
β = Aβ

2 +
Aβ

1 − Aβ
2

1 + exp
(

T−Tβ

ΔTβ

) (Equation 6.13)

In Equation 6.11 and Equation 6.12, the termsAα
1 ,

Aα
2 , A

β
1 , A

β
2 , T

α, ΔT α, T β , and ΔT β are fitted
parameters and T is temperature. Because of the
chemical composition of retained austenite, the
eight parameters in Equation 6.11 and Equation 6.12,
could be fitted as a function of Mn, Si, Al, and C
content of the retained austenite [22]. The flow
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stress is a combination of each constituent phase
calculated as [18]:

σf = σy,γ(1− fα′) + σy,α′fα′ (Equation 6.14)

where σy,γ and σy,α′ are the flow stress of the
austenite and martensite, respectively.

The elastoplastic behavior is achieved for eachphase
by using the von Mises yield function F with an
isotropic hardening law. The yielding is described
as follows:

σ = σeq − σ0 −R (Equation 6.15)

σeq represents equivalent vonMises, σ0 indicates
the initial yield stress, andR is the isotropic hard-
ening parameter. The σeq is derived as follows:

σeq =

√
3

2
SijSij (Equation 6.16)

here Sij is the deviatoric part of the stress tensor.
Where the isotropic hardening parameter can be
calculated as:

R = Q0

(
1− e−bεpep

)
(Equation 6.17)

whereQ0 and b are material constants depending
on the constituents. εpep is the equivalent strain.

6.5.3 Machine Learning

As shown in figure 6.6, the input variables into the
network at the first stage (rolling process) are the
rolling degree and the temperature. The marten-
site content and residual stresses are predicted. A
neural network with a single hidden layer having
10 neurons was used in the prediction. The experi-
mental resultswere interpolated to 336 experiments.
300 datasets were used for training and 36 for vali-
dation. The training dataset was randomly divided
into 70%, 15%, and 15% for training, validation,
and testing, respectively, during training.

Figure 6.6 Neural network architecture of the
rolling process

6.6 Results and Discussion

6.6.1 Experimental Results of the Rolling
Process

Themechanical properties of the rolled blankswere
characterized by the grain size and uniaxial tensile
tests performed in the blank rolling direction. Due
to the formation of strain-induced martensite, the
stress-strain curves show significant strain harden-
ing (figure 6.7). The grain size and ductility in-
creasewith increasing rolling temperature and yield
strength decreases for thematerial 1.4310 and 1.4401.
More results can be found in [23].

Figure 6.7 Dependence of flow stress and grain
size diameter on rolling temperature.
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Figure 6.8 EBSDmicrographs of 1.4310 sheet blanks rolled at (a) 80◦, (b) 150◦ and (c) 300◦.

EBSD investigations (figure 6.8) revealed a de-
cline in martensite content with increasing rolling
temperature. Despite using identical incremental
sheet forming parameters, variations in marten-
site content within the surface layer of the sheet
blanks lead to different levels of induced residual
stresses, which in turn produce different spring
force-deflection curves.

6.6.2 Microscale Simulations of Material
Properties

The onset of plastic deformation, flow curves, and
phase change were calculated from the RVE with
the aidofCP-FEM.Themicroscopicmaterial prop-
erties of theRVE (grain sizes and orientation, phase
assignment, etc.) were determined using the corre-
sponding EBSD analyses and values obtained from
the literature. In figure 6.9 theRVE is shown under
tensile loading.

Figure 6.9 Stress distribution of theRVEunder
load and b) martensite content.

The flow curves change due to the heterogeneous
phenomena (TRIP/TWIP). Figure 6.10 a shows
the calibration of the CP-FEM to the yield curve,

martensite content and figure 6.10 b the cyclic load-
ing. The evolution of the martensite content de-
pends on the loading conditions. The effect of the
changing martensite volume fraction on the ho-
mogenized yield curve (uniaxial tension) is visible
in figure 6.10 b.

Figure 6.10 Calibration of the flow curve and
martensite development under a) static and
cyclic load. Stress distribution of theRVEunder
load and b) martensite content.

The yield loci can be calculated for various strain
rates and temperatures in the CP-FEM. The cali-
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bration of the CP-FEMmodel was performed for
the material at room temperature. Significant devi-
ations were observed when using the calibrated ma-
terial model to match experimental investigations
measured at high temperatures. Further calibration
is required. The small values were obtained for the
yield locus in the CP-FEM because of early plasti-
cization of individual grains. As discussed in the
working group (see chapter 5), the measurement
result for determination of Young’s modulus and
the yield locus is very strongly dependent on the
measurement method and evaluation method.

6.6.3 Macroscale Simulations of the
Rolling Process

The flow curves of the austenitic and martensitic
components of the stainless steel AISI 301 were de-
termined using the mixture rule in a parametric
study. The parameters were varied to match ex-
perimentally determined phase fractions and flow
curves of tensile tests performed at room temper-
ature (RT), 80 ◦C, and 300 ◦C. The results of the
parametric study are presented in table 6.2. Fig-
ure 6.11 shows the results of the parametric study
on the macroscopic material model.

The cold rolling process was simulated for different
rolling degrees and temperatures with the aid of the
extended Olson-Cohen model. Figure 6.12 a rep-
resents the distribution of the martensite volume
fraction for different rolling degrees. The variation
of the martensite content in the blanks is explained
by variable friction and deflection of the rollers.
The average value of the martensite volume frac-
tion and residual stresses from the experiments and
FE simulations are compared in figure 6.12 b. The
values were determined over the plate thickness and
at the blank centers. The temperature-dependent
TRIP effect and its influence on the residual stresses
were reproduced with high accuracy.

Figure 6.11 Calculated a) flow-curves for
martensite and austenite b) martensite evolu-
tion for different temperatures.

6.6.4 Finite Element Based Temperature
Control in High-speed Incremental
Forming

To obtain forming times suitable for industrial ap-
plications, a robot’s speed should be increased to
about 200mm/min, which implies a processing
time of about 80 seconds. High tool travel speeds
lead to a temperature rise of up to 100 ◦C and
above, depending on the lubrication cooling con-
ditions (figure 6.13 a). Thus, an increased forming
rate and temperature lead to changes in residual
stresses figure 6.13 (b) and martensite fractions fig-
ure 6.13 (c).
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Table 6.2 Parameters of the macro-scale material model

Temp. [◦C] σy0,γ [MPa] Qo,γ [MPa] bγ Eγ [GPa] νγ

856 302.7 19.97 188 0.31

RT σy0,α′ Qo,α′ bα′ Eα′ να′

1,460 1,005 10.22 217 0.28

Temp. [◦C] σy0,γ [MPa] Qo,γ [MPa] bγ Eγ [GPa] νγ

764 - - 175 0.3

80 ◦C σy0,α′ Qo,α′ bα′ Eα′ να′

- - - 201 0.27

Temp. [◦C] σy0,γ [MPa] Qo,γ [MPa] bγ Eγ [GPa] νγ

600 - - 169 0.3

300 ◦C σy0,α′ Qo,α′ bα′ Eα′ να′

- - - 192 0.27

Figure 6.12 Rolling simulation with different
rolling degrees (0.4, 0.3, 0.2) and comparison
of the numerical with the experimental results.

It is therefore required to cool the blank in the form-
ing operation to enhance martensite formation. In
FE simulations, the convection boundary condi-
tions and the start time of cooling are controlled.

The blank temperature should be maintained be-
low 70 ◦C during forming to maximise martensite
formation.

The result of the numeric parametric study
is a linear increase of the cooling power
from 0.2mW/mm2K to approximately
16mW/mm2K in the first 4 s of the pro-
cess, which is then kept constant until the end of
the forming process after 8 seconds. Figure 6.13 d)
shows the maximum blank temperature along
the disc spring radius over the process time. The
temperature increases toward the center of the disk
spring when the forming process proceeds from
the outside of the disk toward the inside due to
heat conduction (figure 6.13 d), original curve). A
comparison of the temperatures in the original
and optimised FE cooling parameters shows the
ability of adaptive cooling to achieve a maximum
temperature within the desired limits. Thus,
springs with high martensite volume fractions and
a homogenous distribution over the diameter can
be formed at very high speeds (8 s, figure 6.13 e).
Details on the parametric study are presented in
[24].
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Figure 6.13 Influence of tool velocity in TPIF (a) temperature due to friction (b) residual stress
and the (c) martensite fraction as a function of process parameter [7]. (d) Comparison of original
and optimized maximum temperature over the radius. (e) Martensite distribution of the optimized
temperature control. (f) Residual stress and (g) martensite vol. of displacement and Force controlled
IBU using a die with cooling channels in the contact area.

Temperature control by the use of cooled dies is
slow. Additionally, the top of the spring surface
can be cooled using fluids. Additional simulations
with cooling fluids were applied to the blank sur-
face via holes in the die surface. The effect of the
hole geometries on the residual stresses of formed
springs at the location of the holes is presented in
[25]. To determine the hole shape that has the least
influence on residual stresses at a constant cross-
section. FE simulations were conducted to com-
pare the residual stresses in blanks formed using
dies with no holes (reference) and dies having rect-
angular, elliptical, and circular holes.

To prevent the blankmaterial fromflowing into the
holes on the die surface, the tool paths executed by
the robot at the holes were adjusted using displace-
ment rather than force controls. The displacement
tool path control resulted in lower residual stresses
and martensite content, as shown in figure 6.13 g).
In the experimental work, we used cooling from
the top side only.

6.6.5 Simulation of the Residual Stresses
and Properties of the Disc Springs

Thematerial model of macroscopic FE simulations
was quantitatively validated by residual stress mea-
surements at 80 ◦C, 150 ◦C, and 300 ◦C rolling
temperatures. The material model of macroscopic
FE simulations was further used to simulate the
forming, cutting, and load simulations. The re-
sults of the rolling simulations (stresses, strains,
and phase fractions) were used as the initial state
of the incremental forming simulation, whereby
they were mapped to a mesh optimised for ISF.
In figure 6.14, the tangential residual stresses are
plotted. The peak of each tool revolution is vis-
ible. The maximum values of the residual stress
and martensite content from the FE simulations
converge toward the experimental measurements
as the forming process progresses. The deviations
aremainly attributed to contact stiffness in the tool.
Finally, static loading of the springs was simulated.
For example, the force-displacement curves of a disk
spring made of 1.4310 using a 5mm diameter tool,
a step size of 0.1mm, and at 80 ◦C and 300 ◦C are
presented in figure 6.14. Significant changes may

DFG Priority Program 2013



106 | Targeted Induction and Stabilization of Residual Stresses in Austenitic . . .

Figure 6.14 a) Process-chain simulation of the
incremental forming and trimming. b) FE-simu-
lation of martensite volume fraction and resid-
ual stress and c) comparison with experiments.
d) Force-displacement curves from FE simula-
tions of springs formed from different batches.

occur in the properties of the springs for different
batches, which was also the case in the tests.

6.6.6 Mechanical Testing of the Disc
Springs

Incrementally formed springs from both mate-
rials demonstrated significantly improved force-
deflection characteristics. The highest spring forces
were found in incrementally formed springs from
cold-rolled sheets. These results are consistent with
the residual stress measurements so higher resid-
ual compressive stresses imply higher compressive
strengths. These findings are close to the residual
stress measurements, demonstrating that a rise in
residual compressive stress results in an increase in
compressive strength.

Figure 6.15 Force-deflection capacity in disc
springs formed under different process parame-
ters. a) incrementally formed, b) conventionally
formed.

Up to themaximumnumber of cycles,N = 2.5×
10+6, no failures occurred during the fatigue test-
ing. However, the analysis of the residual stress
stability showed that the stresses decreased signifi-
cantly after a few cycles. Two disc springs, oneman-
ufactured conventionally and one incrementally,
were studied. The geometry of both springs was
112/57/1mm (De/Di/t). They were manufac-
tured fromAISI 301 sheetmetal blanks. The fatigue
experiments were conducted at 80% of the con-
ventionally manufactured springs’ maximum force.
For the initial 100 cycles, a frequency of f = 1Hz
was used, followed by 10Hz. R = 10was the load
ratio for all stages. Using an X-ray diffractometer
and Feritscope, the disc springs’ residual stress con-
tent andmartensite volume fractionweremeasured
at the onset and intermittently after 1, 10, 102, 103,
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Figure 6.16 Residual stresses magnitude,
martensite volume fraction and spring forces
over load cycles. a) Incrementally formed disc
spring, b) conventionally formed disc spring.

104, and 105 loading cycles. Disc compression tests
were also used to determine the maximum spring
force at each of the phases outlined above.

The maximum spring force in the incrementally
formed disc spring stabilized after the initial 100
load cycles, as illustrated in figure 6.16. The ob-
served stabilization was connected with an increase
in its ferromagnetic properties. Martensite forma-
tion increased and stabilized the residual stress con-
tent of the disc spring, thereby providingmore con-
sistent spring properties.

6.6.7 Developing a Micromagnetic Method
for Residual Stress Measurements

As shown in figure 6.17, the calibration curve has a
sigmoidal shape and confirms the reproducibility
of the measurements. The residual stress magni-
tudes in a conventional disc spring were measured
to verify the developed curve at three points on its
inner side. There is good agreement between the
results of the XRD andMBNmeasurements.

Figure 6.17 a) Stress dependancy of the max.
MBN amplitudeMmax, b) residual stress mea-
surement results from XRD and the micromag-
netic Barkhausen noise method.

6.6.8 Machine Learning Prediction of the
Process Chain

The prediction model consists of three individual
models. The first model (rolling process) was fi-
nalized by the report preparation. The regression
(R-value) between the trained and target was 0.99,
and the regression line was very close to 45, both
of which indicate a good predictive ability of the
model. To verify the performance of the trained
model, the 36 validation datasets were predicted by
the trained network and compared with the experi-
mental data. Figure 6.18 shows the residual stresses
of the blank center.
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Figure 6.18Machine learning prediction of the residual stresses and the martensite fraction.

Due to the complex physical phenomena in TPIF,
the architecture of the ANNmay need to be modi-
fied to predict the residual stresses after the incre-
mental forming process. The fatigue strength of
the formed disk springs may be predicted using a
neural network structure with a single hidden layer
since fatigue is a less complex phenomenon than
incremental forming.

6.7 Conclusion

The disc springs’ characteristics, particularly their
force-deflection capacity, can be strategically ad-
justed using the incremental forming technique.
There is a direct correlation between the reduction
of the tool diameter during incremental forming
and the resulting increase in spring force. Both,
1.4310 and 1.4401, exhibit a correlation between
residual stresses and the martensite content gen-
erated during the rolling and forming processes
in the contact area. Although the conventionally
and incrementally formed springs reached the spec-
ified limit load cycles without failure, the residual

stresses in the conventionally formed springs de-
teriorated after only a few load cycles. However,
these stresses showed stability in the incrementally
formed springs. The micromagnetic measurement
data further emphasizes the dependencies of the
residual stress properties on the martensite content
of the disc springs. The developed micromagnetic
approach could quantitativelymeasure the residual
stresses in the disc springs. Macroscopic FE simula-
tions are suitable to obtain a full field view of the
rolling and forming processes and to test the deflec-
tion of the disc springs. It was shown thatmicrome-
chanical models can be used to extend macro me-
chanical material laws, and macro FE-simulations
canbeused to calculate residual stresses andmarten-
site formation. The results of the rolling process
were predicted by an ANN, which will be carried
out for the entire process chain by the end of the
project.
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7 Experimental and Numerical Modeling and Analysis of
Microstructural Residual Stresses in Hot Bulk Forming
Parts under Specific Cooling

Behrens, B.-A.; Wester, H.; Kock, C.;
Schröder, J.; Brands, D.; Hellebrand, S.

GEPRIS 374871564

7.1 Introduction

Almost every manufacturing process results in
residual stresses in the final component. As resid-
ual stresses significantly influence the final compo-
nent properties, they are of great interest. With re-
gard to fatigue strength, residual stresses can change
the cyclic deformation behavior, promote or retard
crack initiation, accelerate or retard crack propa-
gation, and have a beneficial or detrimental effect
on fatigue life and fatigue strength [1]. Especially
in the near-surface region, tensile residual stresses
are undesirable because they promote the forma-
tion and propagation of cracks and, thus, reduce
fatigue life [2]. Therefore, earlier research focused
mainly on the reduction of residual stresses in the
final component. The positive effects of residual
stresses on component properties have already been
demonstrated in research work. Studies in [3] show
that the fatigue life of specimen in cyclic bending
tests can be significantly increased by residual com-
pressive stresses generated by surface treatment pro-
cesses such as shot peening. In [4] the potential
of manufacturing-generated residual compressive
stresses to delay fatigue-induced bearing failures is
substantiated. However, the targeted adjustment
of residual stresses requires additional time-, cost-
and energy-intensive process steps – such as theme-
chanical process shot peening or induction harden-
ing following the forming process [5–7].

Due to a wide range of thermal, mechanical and
metallurgical effects, see figure 7.1, hot forging pro-
cesses offer great potential for targetedmodification

Figure 7.1 Thermomechanical-metallurgical
material interactions during hot forging.

of residual stress distribution. However, a funda-
mental understanding of the underlying mecha-
nisms of residual stress generation in dependence
of the forming parameters is necessary [8]. Further
studies in the field of hot forging from recent years
show the potential of integrating heat treatment
into the forging process for the specific adjustabil-
ity of microstructural properties with simultane-
ous cost savings due to the shortened process chain
[9, 10]. However, the numerous interactions also
lead to a challenging process design. In order to
utilize these complex interactions in a controlled
manner, it is advantageous to use numerical sim-
ulation technologies to consider the mutual influ-
ence of process parameters on residual stresses. In
the field of cold forging, the prediction of residual
stresses has already been demonstrated in a large
number of researchworks [11, 12]. However, the nu-
merical simulation of residual stress development
in hot forging processes requires the consideration
of thermal, mechanical as well as metallurgical ef-
fects and their interactions. Therefore, early work
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Figure 7.2 a) Specimen dimensions, b) used tooling concept placed within a thermal container and
c) schematic representation of the developed hot forging process chain.

has alreadymodeled the formation, transformation
and evolution of microstructures due to thermo-
mechanical influences in numerical models and an-
alyzed them on the basis of these models, e.g., [13–
16]. In course of that, an overview on the deriva-
tion of the continuummechanical formulation is
given in [17], while [18] addresses a crystal plastic-
ity finite element model for the computation of
phase transformation. A more recent work regard-
ing solid–solid phase transformation and its nu-
merical description is, for example [19] where a phe-
nomenological approach has been proposed based
on an additive strain decomposition in the regime
of small strains. In view of the definition of residual
stress of first, second and third type, see section 1.4,
the applicationofmulti-scalemethods is reasonable
to account for residual stress acting on different
scales. For an overview of the multi-scale model-
ing of residual stresses it is referred to section 4.6.1.
The so-called full-field simulations with the aid of
the Finite Element Method (FEM), also known
as direct micro-macro transition approach or FE2

method, is suitable for realizing a cross-scale simu-

lation for the analysis and consideration of residual
stresses regarding their different classifications. The
method was proposed by several groups in the late
1990’s, see also reference on that in section 4.6.1 or
[20] and [21] with references therein. With focus
on thermal treatment, which is an essential aspect
in hot forming processes, the works [22–24] about
thermomechanical coupling in two-scale problems
should be also mentioned.

The main objective of the presented research work
is the adjustment of an advantageous compressive
residual stress profile in hot forged components
by means of intelligent process control using con-
trolled cooling from the forging heat. The feasibil-
ity and potential are demonstrated using a hot forg-
ing process, in which cylindrical specimens with
an eccentric hole, see figure 7.2 a, are formed at
1,000 ◦C and then undergo targeted cooling from
the forging heat. The cooling is achieved by partial
application of a water-air spray to the specimen.
In this way, local plastification can be influenced
by inhomogeneous distortions due to thermal and
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transformation-induced effects to finally tailor the
residual stress profile. A numerical simulation tech-
nique is used to analyze and design various pro-
cess variants that are intended to generate benefi-
cial residual compressive stresses in the near-surface.
For a realistic simulation of the residual stress devel-
opment, a detailed material characterization is car-
ried out with regard to the flow behavior, the trans-
formation behavior as well as the transformation-
induced plasticity (TRIP). Since residual stresses
are characterized based on the scale they act on,
besides a macroscopic (single-scale) finite element
(FE) model two-scale finite element (FE2) analyses
are also performed. The overall scientific challenge
is to generate different residual stresses in the sur-
face of the samples while keeping the geometrical
and microstructural properties the same.

7.2 Materials and Methods

7.2.1 Setup of Hot Forging Process Chain

Figure 7.2 shows a schematic sketch of the devel-
oped hot forging process with integrated heat treat-
ment, which is utilized for the detailed analysis of
residual stress development under variation of dif-
ferent process parameters such as forming speed,
degree of deformation and forming temperature
as well as different cooling strategies. Furthermore,
the experimental tests are used for the calibration
and validation of the finite element (FE) models.
The investigated specimen is a cylinder with an ini-
tial diameter of 35mm and height of 50mmwith
eccentric hole. The dimensions of the specimen as
well as a detailed representation of the used tooling
concept placed within a thermal container is given
in figure 7.2. Thermocouples are used to measure
temperature development during the process.

Thematerial investigated here is theCr-alloyed steel
1.3505 (100Cr6) which is used in hot forging appli-
cations. In general, hot forging processes consist
of three steps; heating, forming and cooling. The
initial heating of the cylindrical specimen to above
1,000 ◦Cwith a suitable holding time leads to a full
austenization of the material, which comes along

with a relaxation of previously present stresses.
Thus, a nearly stress-free initial configuration is
achieved. Afterwards, the specimen is transferred
into a thermal container to ensure isothermal con-
ditions and subsequently upset using the forming
simulator DYNSJ5590. The reference process re-
sults in a final height of 28mm using a forming
speed of 200mm/s. The eccentricity leads to an
inhomogeneous stress profile which is also charac-
teristic for industrial processes [25].

A detailed description of the developed hot forging
process chain is presented in [26]. With regard to
the subsequent cooling, different routes and me-
dia are taken into account in order to achieve the
targeted residual stress state, showing compressive
stresses in regions near the outer surface. Here, ei-
ther cooling in water, by air or with a spray cooling
is applied to obtain the predefined, targeted resid-
ual stress state in the component. Cooling in water
or air is used as reference cooling processes. Ad-
justable spray cooling is applied, which enables con-
trol of the cooling with respect to place and time,
since the nozzles can be turned on and off individ-
ually. The six circularly arranged dual-substance
nozzles of type XA PR 050 from Bete GmbH are
fed by a mixture of water and air at a pressure of
0.04MPa, which results in a water flow rate of ap-
proximately 0.2 l/s. The solenoid valves in front
of the nozzles are controlled with the NI-9375 dig-
ital I/O module from National Instruments and
programmed with Lab-View software.

7.2.2 Numerical Process Design

In order to design the manufacturing process for
targeted residual stresses, single-scale FE simula-
tions are a valuable tool. Promising cooling routes
are afterwards analyzed with the two-scale FE
model to obtain information with respect to mi-
croscopic residual stresses and phase-specific contri-
butions. A schematic illustration of the numerical
analyses is given in figure 7.3. The used single-scale
model as well as two-scale model are presented in
the following.
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Figure 7.3 Setup and coupling of the two-scale simulation model with the single-scale simulation
model including the used framework conditions, see [27].

7.2.3 Single-scale Model

The previously described process, see section 7.2.1,
is numerically investigated utilizing Simu-
fact.forming v16 with an implicit MSC.Marc
solver. To account for the occurring and interact-
ing thermomechanical-metallurgical effects, the
strain tensor is decomposed additively into five
terms: elastic, plastic, thermal, transformation
volumetric and TRIP strains

ε = εe + εp + εθ + εtv + εTRIP (Equation 7.1)

according to [28, 29]. The developed single-scale,
i.e., macroscopic, model is presented in detail in
[27]. At the beginning of the simulation, i.e., at
the start of the forming step, the specimen is ther-
mally expanded at 1,000 ◦C and the microstruc-
ture is assumed to be fully austenitic. The tools
are modeled as thermally conductive rigid bod-
ies made of the material AISI Inconel 718 (DIN
2.4668) with a specific heat capacity of 435 J/kgK
and a thermal conductivity of 11.4W/mK accord-
ing to the specifications of the material supplier
[30]. The workpiece is modeled as a cylindrical

3D half model exploiting symmetry and discretized
with 8-node hexahedron elements with an element
length of 1mm. The friction between workpiece
and tools are considered using combined friction
models with friction coefficient μ = 0.1 and fric-
tion factorm = 0.4. The strain, temperature and
strain rate dependent yield stress is modeled us-
ing the GMTmodel (Gesellschaft für Maschinen-
technik mbH), which is presented and calibrated
by cylinder compression tests at various tempera-
tures and strain rates [31]. Furthermore, the time-
temperature-transformation (TTT) diagrams with
and without superimposed deformation are deter-
mined and used for modeling phase transforma-
tion behavior. Detailed descriptions of experimen-
tal tests and results are given in [32, 33]. Required
parameters regarding transformation plasticity are
determined by numerical experiment considering
the material and the occurring phases [26, 27].

Since an experimental determination of many ma-
terial parameters for pure microstructural phases is
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difficult, the software JMatPro1, which allows for
calculation of temperature-dependent and phase-
specific material parameters based on the composi-
tion of the material is utilized. Thereby, the poly-
morphism of the material is incorporated. Data is
generated regarding Young’s modulus, Poisson’s
ratio, specific heat capacity, heat conductivity, ther-
mal expansion coefficient, latent heat and hardness.
In case of the steel 1.3505 (100Cr6) the considered
chemical composition is listed in table 7.1 and the
obtained data is published in [26].

Table 7.1 Chemical composition (wt.%) of
the investigated steel alloy 1.3505 used for
material data generation with JMatPro.

C Si Mn P S Cr Mo Fe

0.99 0.25 0.35 0.025 0.015 1.475 0.1 bal.

For numerical mapping of the different cooling
routes, the temperature-dependent heat transfer
coefficients (HTCs) are needed, which are deter-
mined by an iterative experimental numerical pro-
cedure. Therefore, the temperature is measured
at certain points on the specimen’s surface during
the cooling experiments to obtain the associated
time-temperature relation. Subsequently, numer-
ical simulations of the cooling process are carried
out with varying HTCs in Simufact.forming until
a good agreement between numerical and experi-
mental data is achieved. The obtained HTC values
for water and spray cooling are exemplary depicted
in figure 7.4. Particularly high values are observed
for spray in regions below 300 ◦C due to the atom-
ization of water droplets. The methodology as well
as validated results can be found in [26].

The single-scale FE model has been evaluated and
validated with experimental measurements. Com-
parisons of microstructure distributions as well as
residual stress measurements using X-ray diffrac-
tion show a good agreement. Detailed informa-
tion regarding the validation procedure and results
are presented in [27, 31, 34]. Furthermore, a more

1 JMatPro. “Practical software for materials properties” In:
(Aug. 2018). https://www.sentesoftware.co.uk/jmatpro.

thorough analysis of the residual stress distribu-
tion inside the forged specimen resulting from the
multiaxial loading is performed on the basis of ex-
perimental data using the contour method. The
residual stress distributions after air and water cool-
ing in the specimen are predicted in a good agree-
ment with experimental results by the single-scale
simulation [34]. Overall, the ability of this model
to provide good predictions with respect to the
residual stress distribution inside the component
is shown. Thus, it is used to compare the differ-
ent cooling media (air, water, spray) and cooling
routes (different spray cones) in order to obtain
the targeted stress state, i.e., compressive stresses in
regions near the outer surface.

Figure 7.4 Temperature-dependent heat trans-
fer coefficient (HTC) for cooling in water and
cooling with spray.

7.2.4 Two-scale Model

Based on single-scale results [35], promising cooling
routes, which give the targeted residual stress state,
are subject to two-scale FE2 simulations, utilizing
the direct micro-macro transition approach. Re-
garding these two-scale simulations, focus lies on
the cooling step of the hot bulk forming process.
In order to take into account the previous process
steps, i.e., heating and forming, an equivalent plas-
tic strain, which is obtained by the single-scale sim-
ulations after the forming is initialized [36]. The
numerical analysis is carried out in the Finite Ele-
ment Analysis Program (FEAP)2, using the PAR-

2 R.L. Taylor. FEAP - A finite element analysis program,
Version 8.2. Department of Civil and Environmental En-
gineering, University of California at Berkeley. Berkeley,
California 94720-1710, 2008.
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DISO solver provided by the Intel MKL library to
solve the linear system of equation3.

As thermo-mechanically coupled macroscopic
boundary value problem, a cross-sectional slice
taken from the cylindrical specimen at mid-height
is considered exploiting symmetry conditions, such
that the displacement in x-direction is fixed for
all nodes along the cut, see figure 7.3. On the in-
ner and outer lateral surface, the cooling is applied
via Dirichlet boundary conditions, following the
single-scale simulations. Depending on the con-
sidered cooling route, these time-temperature re-
lations differ, since inhomogeneous temperature
distributions are to be modeled on the lateral sur-
face in case of spray cooling. Therefore, the bound-
ary is divided into sections of 10◦, so that on each
of them one temperature evolution is defined [37].
Additionally, a zero heat flux is set along the cut,
since only a small impact of the heat flux in cir-
cumferential direction is assumed compared to the
radial direction. Analogously to the single-scale FE
model, thermal, elastic and plastic strains, the volu-
metric expansion due to the phase transformation
and the influence of TRIP are taken into account.
Moreover, the measurement of the final phase frac-
tions of the phases present serve as input parameter
required to compute the actual phase distributions
considering the Koistinen-Marburger differential
equation for martensitic transformation.

The microscopic boundary value problem is de-
fined as a square RVE with periodic boundary con-
ditions. Since it is attached to one macroscopic
integration point, it is assumed that the tempera-
ture gradient over the RVE vanishes and an isother-
mal problem is formulated. The actual macro-
scopic temperature serves as input to determine
the temperature-dependent phase-specific material
parameters. A random distribution of martensitic
inclusions in the austenitic matrix is taken into
account [38, 39]. Therefore, based on the actual
martensitic volume fraction, the number of finite
elements that are switched from initially austen-
ite to martensite is determined to comply with the

3 O. Schenk and K. Gärtner. “Solving unsymmetric sparse
systems of linear equations with PARDISO”. In: Jour-
nal of Future Generation Computer Systems 20 (2004),
pp. 475–487.

phase fractions [40, 41]. According to detailed stud-
ies regarding the mesh density and time step size in
[40], the macroscopic boundary value problem is
discretized with 270 elements, while the RVE con-
sists of 20× 20 elements in a structured manner.
The time step size is set to 0.1 swith a refinement
during the phase transformation to 0.01 s.

Such a two-scale method enables the analysis of
physical quantities on different scales. Here, the di-
vision of the resulting residual stresses into macro-
scopic (1st type) andmicroscopic (2nd and 3rd type)
residual stresses is of special interest. Additionally,
measures of the microscopic stress fluctuations on
the macroscopic scale can be advantageous, since
the influence of the microscopic fluctuation on the
macroscopic stresses can be displayed and evalu-
ated on the upper scale [41]. The impact of the
microscopic fluctuations on the macroscopic prop-
erties of the component, e.g., strength or durability,
can be analyzed. Consequently, the origin of the
evolving macroscopic stresses can be determined
occurring due to the cooling and a superimposed
phase transformation. Since the volume average of
the microscopic fluctuations of the stresses are zero
by definition, quadratic measures are formulated
as

‖σ̃tang‖VL2 :=
( 1

V

∫
RV E

σ̃2
tang dV

) 1
2

(Equation 7.2)

whereV denotes the volume of theRVE.Note that
the dimensions of the RVE are small compared to
the size of the macroscopic specimen, i.e., a scale
separation is assumed. In this sense, the micro-
scopic tangential component of the stress fluctua-
tions is defined as the projection of themicroscopic
stress fluctuations onto a fixed (macroscopic) tan-
gential vector s, i.e., σ̃tang := σ̃ : (s⊗ s).

7.3 Results

First, the influence of varying process variables on
the residual stress distribution is investigated using
the experimental process route. As stated, it is es-
sential to ensure that occurring residual stresses are
a direct consequence of the different cooling routes
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and media and are not evoked by a change of the
microstructure or geometry, for instance. Thus, to
investigate the influence of various forming param-
eters on the resulting residual stress state, they are
varied individually. Based on the findings, a large
number of cooling routes are analyzed by means
of numerical simulations with the aim to generate
compressive residual stresses in the near outer sur-
face regions. In a first step, different cooling media
and spray field variants are compared using single-
scale simulations, see section 7.2.2. The cooling is
finished, when the temperature gradient vanishes
in the component. Due to the absence of outer
forces, the resulting stress distribution can be inter-
preted as that of residual stresses. The focus here
is on the tangential stresses, which are known to
have the most impact on the strength or wear resis-
tance.

Figure 7.5Measuring points (MP) on the
circumference of the specimen as a function
of the angle θ.

Experimental tests are carried out on selected cool-
ing variants and the geometry, microstructure and
residual stresses are investigated and comparedwith
the numerical results. Afterwards, promising cool-
ing routes are examined in a two-scale FE2 model
to achieve information regarding the microscopic
residual stress distribution. On the experimen-
tally produced specimen, the near-surface residual
stresses on the circumference of the specimen as a
function of the position angle θ are measured by X-
ray diffraction. A schematic representation of the
measurement points can be found in figure 7.5.

7.3.1 Influence of Forming and
Disturbance Parameters

The variation of process parameters shows, that
all investigated process parameters such as forming
rate, forming temperature, the degree of deforma-
tion or the cooling medium has a reciprocal impact
on the formed microstructure and further on the
phase transformation and the resulting stress dis-
tribution. For example, the influence of different
strokes which result in varying degree of deforma-
tion within the sample is depicted in figure 7.6 a.
Consequently, it is of great importance that the
forming and cooling parameters be adjusted to each
other. Furthermore, disturbance parameters such
as different tool temperatures or quenching directly
after the forming significantly influence the result-
ing stresses, see figure 7.6 b. Detailed results on the
parameter studies are presented in [42]. By vary-
ing the assumed material composition in JMatPro,
the influence of batch variations is also considered.
The numerical simulations performed using the
modifiedmaterial data show only a small negligible
influence on the resulting residual stress distribu-
tion, see figure 7.6 c.

7.3.2 Comparative Study of Different
Cooling Media

In a first step, numerical simulations of the heated
and formed cylindrical specimen cooled by air or
in water are performed. The resulting tangential
stresses are investigated over the respective cool-
ing time. Exemplary results of two investigation
points on the outer surface on both sides of the
specimen are shown in figure 7.7. As it can be seen,
the cooling medium air leads to overall small ten-
sile residual stresses in the component. Cooling
in water results also in tensile stresses in the final
state, but of higher magnitude. The microstruc-
ture of the water-cooled sample consists of a large
proportion ofmartensite and a small proportion of
retained austenite, resulting in a component with
high strength. Detailed description of the numeri-
cal simulation and an experimental validation are
given in [34].
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Figure 7.6 Influence of a) variation of form-
ing stroke, b) interference parameters and c)
material batch variations on tangential residual
stresses, see figure 7.5 for position of MPs.

A further investigated cooling strategy is based on
the application of a spray as mixture of water and
air. For the comparison of different spray cooling
strategies, a martensitic microstructure is aimed
at. The focus here is to verify that only a change
in the cooling route and not the microstructure
or geometry leads to the changed residual stress
state.

Exemplarily considered spray cooling strategies
“spray total”, “spray side”, “spray thin” and “spray
thick” are depicted in figure 7.8. Each blue region
is directly exposed to the spray. The resulting tan-
gential stresses on the outer lateral surface in depen-

Figure 7.7 Numerically calculated tangential
stress development over cooling time for cooling
in a) air and b) water, see figure 7.5 for position
of MPs.

dence of the angle θ are illustrated in figure 7.9. For
better evaluation, the results for water are depicted
additionally. As can be seen, “spray total” and
“spray thin” strategies evoke mostly tensile stresses
analogously to cooling in water, while “spray side”
and “spray thick” strategies result in tensile and
compressive stresses. The latter strategies especially
showhigh compressive stresses in the spray-exposed
region around θ = 0 ◦ and is therefore object of
further analysis.

7.3.3 Experimental Realization

Since the single-scale simulation predicts a com-
pressive residual stress profile for the cooling strat-
egy “spray thick”, this cooling route is to be ex-
perimentally realized in a next step and compared
to cooling in water as reference. Afterwards, the
residual stresses near the surface on the circumfer-
ence of the specimen are determined as a function
of the position angle θ by means of X-ray diffrac-
tion. The results of the experimental and the single-
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Figure 7.8 Overview of considered spray
cooling variants.

scale numerical investigations are illustrated in fig-
ure 7.10.

As can be seen, on the thick-walled side, starting
from the angle θ = 0 ◦ at MP1 up to θ = 45 ◦,
compressive tangential stresses ofσt = −407MPa
and σt = −223MPa, respectively, are experimen-
tally generated with the strategy “spray thick”, as
predicted by the simulations. Thus, the residual
stresses at these positions are significantly modi-
fied, compared with the tensile residual stresses
of σt = 216MPa for θ = 0 ◦ and σt = 146MPa
for θ = 45 ◦ produced by cooling in water. Above
θ = 90 ◦, both strategies produce tensile residual
stresses.

On the thin-walled side, the experimental results
of the strategy “spray thick” show higher tensile
stresses compared to the simulation. For example,
σt = 222MPa are measured for MP2, in contrast
to the calculated stress of σt = 65MPa. This may
be due to the fact that the influences from metal-
lurgical effects such as dislocation density due to
austenite transformation, local gradients of yield
stress at phase boundaries, or forced dissolution
of carbon atoms in the martensitic lattice are only
considered in the material characterization at con-
stant boundary conditions. For example, the TTT-
diagrams according to the German standard are

Figure 7.9 Numerically calculated tangential
residual stresses σt for different cooling variants
over the circumference of the specimen, see fig-
ure 7.5 for position of MPs.

determined for a microstructure after a ten-minute
holding time at austenitization temperature and di-
rect quenching. The same applies for the transfor-
mation plasticity constants, which are determined
by an experimental-numerical approach for con-
tinuous cooling from the austenitization temper-
ature. This explains a higher deviation between
experimental and numerical results, especially at
the locations that experience delayed cooling, as is
the case on the thin-walled side of the specimen.

Furthermore, metallographic examinations and op-
tical geometry analyses are carried out in order to
exclude the possibility that the modifications of
the residual stresses in the specimen from the strat-
egy “spray thick” compared to water cooling are
influenced by the microstructure composition or
a changed geometry, see [26]. Specimen produced
by both of these strategies show hardness values
of approximately 800HV in the entire specimen’s
cross section and the optical microscopy images
indicates a fully hardened martensitic specimen.
The contour plot of the deviation e in figure 7.11
on this surface illustrates the three-dimensional
distance in the direction perpendicular to the sur-
face of the geometry of a specimen produced with
the “spray thick” process strategy. The sign of the
deviation value indicates whether the correspond-
ing area of the geometry from the strategy “spray
thick” lies outside (positive) or inside (negative) the
workpiece shape from the cooling in water. The
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Figure 7.10 Comparison between experi-
mentally measured and numerical calculated
tangential residual stresses σt over circum-
ference of the specimen for different cooling
variants, see figure 7.5 for position of MPs.

different thermomechanical strategies result in lo-
cal deviations of less than 0.5mm. Although the
specimen are produced in different ways, they still
have almost identical geometrical and microstruc-
tural properties. Hence, it is shown that only the
residual stresses are changed comparing the cooling
strategies “spray thick” andwater. Consequently, it
can be concluded that modification of the residual
stresses is possible by advanced process control.

Figure 7.11 Geometric deviation e in mm of
the samples from water and spray cooling.

7.3.4 Investigation on Microscopic
Residual Stresses

In the previous sections, an improved cooling strat-
egy “spray thick” is found numerically regarding
the final, macroscopic residual stress distribution

and the results are validated experimentally. Now,
the aim is to analyze microscopic (residual) stresses
and their respective effects on the macroscopic
residual stresses, which are known to cause or pro-
mote microcracks and thereby influence the over-
all properties, especially lifetime prediction. The
two-scale FE2 model together with its temperature
boundary condition, see figure 7.3, which results
from single-scale analysis, has been validated regard-
ing the cooling strategy water [43]. Qualitatively,
the presented results of the two-scale and the single-
scalemodel are in good agreement. The small quan-
titative differences are likely due to the disregard
of heat dissipation perpendicular to the section
plane, the averaged temperature boundary condi-
tions, and the lack of consideration of latent heat
generation in the microscopic material modeling.
It is to be noted, that the two-scale model analy-
ses 2D geometries in contrast to the 3D single-scale
computations. In section 7.3.3, the good agreement
between the single-scale simulation and the experi-
mental realization for cooling in water has already
been shown. Consequently, the respective stress
evolution is considered as a reference for further
analysis in the following.

Figure 7.12 shows the temperature evolution and
the development of the macroscopic tangential
stresses σt at measuring points MP1 andMP2 over
the cooling time, resulting from the single-scale
and the two-scale simulations for the cooling strat-
egy “spray thick”. With the onset of spray cooling,
the material at the surface of the thick-walled side
(MP1) contracts, leading to tensile stresses in both
numerical models. After a sufficient cooling time,
martensitic phase transformation takes place in re-
gions close to the surface around MP1, which is
accompanied by volumetric expansion as well as a
local increase of the yield strength of the material.
At this point, high compressive stresses are already
present, which are also represented by both numer-
ical models, albeit with a slight time offset. In the
single-scale simulation, these compressive stresses
weaken as soon as the martensitic transformation
front subsequently continues in the direction of
the bulk and volumetric expansion also takes place.
In contrast, the two-scale simulation shows a re-
newed changeover of the tangential stress to the
positive range of values intermediately. In the final

DFG Priority Program 2013



Experimental and Numerical Modeling and Analysis of Microstructural . . . | 121

Figure 7.12 a) Temperature evolution and b) tangential stresses in MP1 andMP2 for cooling with
strategy “spray thick” utilizing single-scale (FE) and two-scale (FE2) methods, see figure 7.5 for
positions of MP1 andMP2.

state, the single-scale models predict compressive
stresses at MP1, which is in good accordance with
the experimental realization, while the two-scale
model results in small tensile stress values.

Figure 7.13Macroscopic tangential stresses in
MPa from the two-scale simulation with micro-
scopicmartensitic evolution and stresses inMPa
for MP1 (black cross) after t = 27 s.

With a delay, the martensitic phase transformation
also takes place at the thin-walled side, where previ-
ously compressive stresses are present at MP2 due
to the preceding volumetric expansion as a result of
the martensite transformation in the neighboring
regions. The phase transformation at MP2 takes
place under superimposed compressive stresses,

which, in accordance with the transformation plas-
tic effect, clearly reduce the volumetric expansion
in the circumferential direction. The thermal con-
traction at MP2 leads to tensile residual stresses
contrary to the resistance of the already cooled
surrounding material. Regarding both measuring
points, the qualitative assessment is in good agree-
ment.

By analyzing microscopic quantities, which is of
particular interest when an RVE based on a real
microstructure is used, it is possible to draw con-
clusions about the influence of microstructure evo-
lution and the effects on the residual stress state.
These quantities include, for example, the distri-
bution of tangential stresses and the martensitic
volume fraction. Thus, for characteristic states dur-
ing spray cooling, figures 7.13 and 7.14 show the
macro- and microscopic tangential stress evolution
and the martensitic evolution at MP1. Before the
onset of phase transformation, tensile stresses arise
due to thermal contraction, afterwards compressive
stresses are present, see figure 7.13. A compressive
stress peak is reached before the bulk undergoes
phase transformation, see figure 7.14a. Then, the
stresses in the examined point are weakened as de-
picted in figure 7.14 b for the final state.

By definition, macroscopic stresses are calculated
from the volume average of themicroscopic stresses.
In order to measure the impact of the microscopic
on themacroscopic residual stresses, quadraticmea-
sures are evaluated as introduced in section 7.2.4,
here for cooling in water. Before the onset of phase
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Figure 7.14 Macroscopic tangential stresses in MPa from the two-scale simulation with microscopic
martensitic evolution and stresses in MPa for MP1 (black cross) after a) t = 40 s and b) t = 300 s.

transformation, the quadratic measure is equal to
zero, i.e., ‖σ̃tang‖VL2 = 0. In case martensite starts
to form near the outer lateral surface, the measures
result in high values in regions of phase transfor-
mation, see figure 7.15 a+b. After the austenite-
to-martensite phase transformation has been ini-
tiated in the whole specimen, the value for the
quadratic measure becomes nearly homogeneous
in the whole structure, see figure 7.15 c.

In contrast to the heterogeneous distribution of the
macroscopic tangential stresses, which have been
investigated before, the microscopic stress fluctu-
ations of the residual stresses are independent of
their associated macroscopic position. In general,
such a quadratic measure can be useful to deter-
mine the influence ofmicroscopic quantities on the
macroscopic performance or to depict the phase
transformation on themacroscale. However, it is to
be noted that the sign of the microscopic residual
stresses is omitted by definition, seeEquation 7.2.

a)

b)

c)

Figure 7.15 Quadratic measure of tangential
part of stress fluctuations ‖σ̃tang‖VL2 after a) t =
9 s, b) t = 12 s and c) t = 80 s for cooling in
water.
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7.3.5 Properties improved by residual
stresses

In order to prove the positive influence of com-
pressive residual stresses close to the surface on the
component properties, experimental tests are car-
ried out on samples produced with different spray
field configurations resulting in tensile or compres-
sive residual stresses. In order to analyze the in-
creased wear resistance assumed by compressive
residual stresses reducing the crack opening, ex-
perimental wear tests are carried out with the Tri-
boindenter Hysitron TI 950. A comparison of the
wear volumes shows the potential of the compres-
sive residual stresses, see figure 7.16. Regardless
of the microstructure, all specimen with modified
residual stress show a significantly reducedwear vol-
ume. Subsequently, quasi-static compression tests
are carried out at room temperature on samples
with a pearlitic microstructure, again with tensile
and compressive residual stresses. After compres-
sion with a stroke of 10mm, 60% of the specimen
with tensile residual stresses but only 28% of the
specimen with compressive residual stresses show
cracks.

Figure 7.16 Proof of improved wear resistance
at MP1 of the specimen due to advantageous
near-surface compressive residual stresses.

7.4 Conclusion

As part of the work, a hot forging process with
integrated heat treatment is developed to analyze
the development of residual stresses. The focus is
on the targeted adjustment of residual compres-
sive stresses by modifying the process parameters
and cooling route. A targeted controllable spray
field is used to modify the cooling process from
the forging heat. Due to the complex thermo-
mechanical-metallurgical interactions, FE models
are developed and parameterized to enable efficient
process design and analysis. For this purpose, the
required material data are determined experimen-
tally and supplemented by calculations with JMat-
Pro. The multi-scale simulation approach allows
for residual stresses to be taken into account at
all scales and extensive fundamental knowledge to
be gained. Additionally, the experimental realiza-
tion of selected process routes enables a success-
ful validation of the numerical models. The nu-
merical and experimental parameter studies per-
formed show an influence of the process variables
as well as the cooling strategy on the resulting resid-
ual stresses. Thus, the forming process and the
heat treatment have to be specifically adjusted to
each other. Finally, it is demonstrated that resid-
ual stresses can be specifically influenced by tar-
geted cooling in the spray field without changing
the microstructure and geometry. The potential
of numerical simulation for the design of com-
plex thermo-mechanical-metallurgical coupled pro-
cesses is also emphasized.
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8 Forming Generation of Residual Compressive Stresses
During Wire Drawing for the Production of Heavy-duty
Springs

Reimers, W.; Kräusel, V.; Baumann, M.;
Bergmann, M.; Selbmann, R.

GEPRIS 372788207

8.1 Introduction

Essential factors for the optimization of compo-
nents are the improvement of parameters relevant
to use as well as the increasing requirements regard-
ing the available installation space and the size of
the components. In themanufacture of torsion bar
springs, this means the realization of small bending
radii which currently cannot be achieved without
failure using conventionally manufactured spring
wires. The aim of the research project was to mod-
ify the wire drawing process bymeans of an innova-
tive tool geometry, which is characterized by geom-
etry elements incorporated in the forming zone, to
thereby improve the formability of the wires in the
subsequent process stages for the manufacture of
torsion bar springs. In the research project, the tar-
geted and reproducible induction of compressive
residual stresses close to the surface was intended
to substitute post-processes such as heat treatment
and shot peening realized in conventional produc-
tion routes and to improve the properties of the
components produced by forming technology as
well as to make them usable by adjusting the resid-
ual stresses in thewire. The smaller bending radii as
well as the static and dynamic properties of thewire
serving as starting material were to be optimized by
the defined adjustment of residual stresses during
wire drawing and, as a result, the load capacity of
the formed torsion bar springs was to be improved.
The research project was carried out within the
framework of the priority program SPP2013 of the
German Research Foundation by the research part-
ners Fraunhofer Institute for Machine Tools and

Forming Technology (IWU) Chemnitz, the Chair
for Forming and Joining (UFF) of the TUChem-
nitz and the TU Berlin, Department of Metallic
Materials (MW). On the part of IWU, the main
tasks were the process adaptation of the tension-
compression forming as well as the setup and use
of the experimental device for wire drawing to pro-
duce the wire samples. The focus of the UFF chair
was the creation of the material model and the sim-
ulation of the impact extrusion and wire drawing
tests, the optimization of the simulation models
with regard to property predictions, and the im-
plementation of the bending tests with a suitable
bending tool. TheMW department dealt with the
characterization of the starting material, the deter-
mination of residual stresses and textures, the in-
vestigation of the stability of the residual stresses
by loading experiments and the validation of the
measurement methods. Within the scope of the
numerical and experimental investigations, the rel-
evance of disturbance variables and material fluc-
tuations had to be analyzed and the quantification
of the property improvements of the components
had to be considered.

With the funding decision for the 1st funding phase,
the experts requested that the model material S235J
be replaced by the multiphase material 1.4301. This
made it easier to transfer the findings from the 1st
and 2nd funding phases to the overall objective.
This meant that the findings from the 1st and 2nd
funding phases were better applied to the overall
objective but resulted in considerable additional
work inmaterial characterization and residual stress
measurement, which could not have been foreseen
when the project was applied for. As a result, there
were delays in individual phases of project process-
ing.
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Table 8.1 Depth-resolved residual stresses in the starting material and after solution annealing after
two electrolytic removal steps (3 and 6mm)

Material removal [mm]
Axial residual stress [MPa] Tangential residual stress [MPa]

Output annealed Output annealed

0 −250± 15 −15± 70 −160± 30 −100± 45

3 +190± 30 −60± 70 +220± 10 −160± 6

6 −80± 20 +10± 100 +50± 10 +90± 130

8.2 Work and Results

8.2.1 Presentation of the Results and
Discussion

The results listed below represent excerpts from the
main findings of the funding periods. Adetailed de-
scription of the project results can be found in the
publications mentioned in section 1.6. Reference
is made to the publications in the report.

Define Target Properties

Within the project, the expected load and favorable
residual stress distributions over the cross-section
of the specimens for the semi-finished products
and bent springs under consideration were first co-
ordinated. Distinct compressive residual stresses
at the immediate component surface and tensile
residual stresses in the core of the specimens were
defined as target properties to be induced by the
wire drawing process using a specially developed
tool geometry. If this not possible, at least a signifi-
cant reduction of the tensile residual stresses at the
component surface was to be aimed for. As a result
of the intended residual stress distribution, a better
formability of the wires to produce the torsion bar
springs by means of bending was expected by pre-
venting the formation of cracks close to the surface,
especially at small bending radii. The superposition
of the bending stresses with the adapted residual
stresses of the wire resulted in the improved prop-
erties of the component under load.

Characterization of the Starting Material

The model material 1.4301 used was characterized
and investigated in detail using various methods in
its initial state and formed states. In its initial state,
the material exhibited an austenitic microstructure.
As a result of forming at high degrees of defor-
mation, martensite is formed, which increases the
amount of work required in the analysis. In or-
der to characterize the 1.4301 material used and its
preloads, X-ray phase analyses were carried out on
the cross-sectional area of the bar profile, which
showed exclusively austenite reflex layers both at
the edge and in the core of the bar material, cor-
responding to a purely austenitic initial material
state. The initial microstructure exhibited a ho-
mogeneous average grain size both at the speci-
men edge and in the volume of the bar material
of 15 μm± 4 μm. Vickers hardness determination
showed a hardness at the edge of the bar material
of 292± 9HV0.5 and a hardness in the volume of
290±8HV0.5. Manufacturing-related preloads in
the starting material were investigated and detected
using depth-resolved residual stress and texture de-
terminations. In order to reduce the preloads in
the microstructure, the bar material was subjected
to a heat treatment. The starting material was solu-
tion annealed at1,050 ◦C for15min (+6minheat
treatment) and cooled in air. Following solution
annealing, metallographic examination revealed an
average grain size of 28 μm ± 9 μm. The Vickers
hardness determination yielded amean hardness of
164± 18HV0.5. In table 8.1 the residual stresses
determined at the surface (0mm removal) and by
electrolytic layer removal of 3mm and 6mm, re-
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spectively, are shown. The specimen preparation is
explained in the publications [1, 2].

Depth-resolved texture measurements were made
on the samples at the German Electron Syn-
chrotron (DESY) in Hamburg. The texture due to
the heat treatment is shown infigure 8.1. Compared
to the non-heat-treated initial state, the occupancy
density exhibits higher maximum intensities in the
pole figures shown. In addition, a change in the
localization of the pole maxima can be observed
because of the heat treatment.

By means of compression tests with the Gleeble
System 3800, stress-strain curves were recorded at
different temperatures and strain rates for both the
starting material and the annealed material, based
on which flow curves were created by approximat-
ing the curve progressions for higher degrees of
deformation for the simulation. The evaluation is
carried out in WP5 as part of the development of
the material model.

Production of Graded Semi-finished Products
by Means of a Pressure Forming Process

The experimental investigations were carried out
with an existing extrusion die, with which the influ-
ence of the developed geometry elements on ex-
trusion was first investigated. The same geome-

try elements were used as for wire drawing, which
were developed in the FE simulation (WP5). The
compression tests were performed on a hydraulic
press in a modular column guide frame with ac-
tive parts, which were designed, engineered and
manufactured as part of the research project. The
press speed was 10 mm/s in each case. Lubrication
consisted of a combination of a solid lubricant con-
taining MoS2 (LOCTITE LB 8191) on the spec-
imens and an addition of high-alloy drawing oil
(Multidraw CF 4) to the forming process. In order
to generate as homogeneous a single-phase mate-
rial state (austenite) as possible and low residual
stresses in the specimens of the starting material,
annealing was again performed. The specimens
( 12mm, L = 32mm) were successively pressed
through the die with the specific geometry element
for the respective series of tests, always with at least
three repetitions. The procedure and results are
shown in graphs and pictures in [1] and published.
In summary, it can be reported that with the three
dies used, it was possible to influence the residual
stresses during extrusion without ejection in the
desired way and to generate residual compressive
stresses with the geometry elements.
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Process Adaptation to a Tensile-pressure
Forming Process

Based on the studies on impact extrusion, the wire
drawing equipmentwas designed for transfer to the
wire drawing process. The theoretical principles of
the tension-compression process were systemati-
cally worked through and the resulting forming in
the local areas was analyzed by correlation with the
forming elements. The design and manufacture
of the dies with the corresponding geometry ele-
ments (conventional, convex, concave) were based
on feedback between the design and the findings
obtained in the FE simulation. For the design, ad-
ditional simplified preliminary drawing tests were
carried out using the dies already manufactured for
the extrusion die. Both the heat treatment of the
specimens before forming and the lubrication were
carried out in the sameway as the compression tests.
In each case, the specimens were drawn from an
initial diameter of ∅ 12mm to ∅ 10.8mm at a
press speed of 10mm/s. Based on these findings,
the preliminary analytical considerations and the
parallel FE investigations, a wire drawing die for
short wire sections was developed in AP6.

Development and Validation of a Material
Model and Process Simulation of Impact
Extrusion and Wire Drawing

As already mentioned inWP2, compression tests
were performed to generate flow curves. The strain
rates and the test temperatures were varied. Fur-
thermore, different flow curve approaches for the
approximation were investigated, finally the ap-
proach according to Swift was chosen due to the
best mapping and the parameters were determined
and combined by means of the method of least
squares. A selection of the results of the compres-
sion tests and the general procedure for deriving
the flow curves are described in [1, see figure 4] and
[2, see figure 3] and the respective following text
passages. Extensive additional investigations were
necessary due to the observance of the experts’ in-
structions and the selection of the model material
1.4301, which exhibits a deformation-induced mi-
crostructural transformation. The further adap-
tation of the material model therefore had to be

shifted to the 2nd funding phase. The validation
of the material model was initially based on the
process data for force and displacement recorded
during the experimental investigations. Based on
the friction values and the friction model, the FE
simulation was adapted. The procedure and nu-
merical values are described in [1–3]. However, the
predictability of residual stresses showeddeviations,
which were also discussed in the publications [1, 3,
4].

In the FE simulations, it was first possible to detect
fundamental relationships such as the sensitivity to
the mesh sizes and the boundary conditions, and
to analyze elastic and rigid tools comparatively [1].
For the further FE simulations, the rigid tools were
selected due to the shorter computation times and
approximately equal results [1].

FE calculations were performed in the FE program
Abaqus using a 2D axisymmetric model setup as
well as the explicit calculation method. The speci-
mens were defined in a simplified way with an ini-
tial state free of residual stresses on the macroscale.
For the evaluation of the resulting residual stresses
after forming, an implicit calculation after form-
ing and unloading of the specimen followed. As a
friction model, the friction factor model according
to Coulomb and Tresca was applied [1–3]. In this
model, a frictional shear stress, which depends on
the yield stress, is defined with a coefficient m and
the coefficient of friction μ is adjusted.

For the further development of the die geometry,
a diameter reduction of the starting material dur-
ing forming fromD = 12mm toD = 10.8mm
was specified. In order to generate a database, the
forming of the bar material was first fundamentally
investigated in the FE simulationswith convex, con-
cave and step-shaped geometry elements in the dies.
Based on [4], a convex as well as a concave geometry
variant was selected for the further investigations in
addition to the conventional one. The developed
die geometries as well as the specific dimensions are
shown in figure 8.2 shown.

In the analysis of the FE simulation it becomes clear
that during impact extrusion strong differences in
the formation of the forming degrees in the edge
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zone are achieved, which is shown in [1, see fig-
ure 8]. Due to the convex and concave geometry el-
ements, the degree of deformation in the edge zone
increases significantly. However, this area is very
narrow, which was also determined in the metallo-
graphic investigations by the deformation-induced
martensite formation shown and [1, see figure 5].

In the evaluation of the residual stress curves, the
radial component is not taken into account in the
FE simulation because it runs against a stress value
of zero at the edge and cannot be determined ex-
perimentally. The evaluations of the curves for the
axial and tangential residual stresses from the FE
simulation [1, see figure 9] show that the conven-
tional variant achieves axial compressive stresses in
the specimen in the edge zone, but these quickly
transform into tensile residual stresses.

The axial proportions of the convex and concave
geometry in the edge region of 0.75 − 1 relative
distance from the specimen center to be considered
show that initially compressive residual stresses can
be generated, but these change again to tensile resid-
ual stresses in the outermost zone. This may also
be related to the numerics, here specifically to the
contact model. It can be concluded from further
FE simulations not shown that residual stresses can
be specifically adjustedwith the geometry elements.
The deviations between simulation and experiment
can partly be explained by the complicated manu-
facturing of the geometries in the matrices.

In the experiments, the deformation-induced trans-
formation of austenite into martensite was demon-
strated, which could not be represented in the simu-
lation because the material model had not yet been

developed. As already mentioned, this was an ob-
jective of the 2nd funding phase.

Based on the results for compression forming, a ten-
sile device for wire drawing was designed, which is
described inWP6. In the FE analyses for wire draw-
ing of the material 1.4301, which were also carried
out in this context, it was shown that the tensile-
compression forming of wire drawing results in
significantly different residual stress curves in the
axial and tangential components compared to the
compression forming of extrusion as a result of the
changed degrees of deformation [2].

Experimental Device Wire Drawing

The basis for the design and construction of the
experimental device for tension-compression form-
ing, including change parts, was described inWP4.
Funding was provided as part of the research
project. The experimental device has a modular
design and is presented in [2]. The results of the
process design and the forming simulation form the
basis of the tool development. In addition to the
recording of the process variables force anddisplace-
ment and the specimen clamping, the experimental
device also includes an insert for the exchangeable
drawing dies. In figure 8.3 shows the die, includ-
ing measuring instruments, installed in the press.
The drawing dies were developed inWP5 as part of
the FE simulations. The steel frame of the geomet-
rically modified drawing dies corresponds to the
standardized series production status, so that they
can be transferred to an industrial plant without ad-
ditional design modifications, taking into account
the increased drawing force requirement. Process
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integration into a series production process would
thus be possible.

Basic Test Wire Drawing

Based on the wire drawing device and the FE sim-
ulations, the specimen geometry was defined with
an initial diameter of 12mm and the specimen
length was adjusted to 100mm to achieve an anal-
ysis range with constant properties. For the speci-
men clamping, a length of 225mmwith a diameter
of 9.6mm is added. An inclination of 6◦ is used to
achieve a transition to drawing [2]. The specimen
geometry is shown in figure 8.4 clarified.

In the test apparatus the specimens are clamped ver-
tically, and the drawing die is pulled upwards over
the specimen. This enables a homogeneous distri-
bution of the lubricant (drawing oil or drawing
soap). The wire drawing device can be used flexibly
in various formingmachines. The process variables
are recorded via the integrated displacement (draw
wire sensor) and force (Kistler load cell) measure-
ments. After the annealing process described above
and subsequent cooling in air, the specimens are
clamped in the device and drawn to a diameter of
D = 10.8mm and a length of L = 125mm at
room temperature. Initial tests were carried out
first in a servo press (figure 8.3, right). The device
was firmly connected to the press table. The draw-
ing force was applied via the return stroke of the
press ram. The advantage of this operation can be
explained by a defined speed profile. The move-

ment speed was 20mm/s, and the drawing speed
was constant. The specimens were prepared for
characterization and for further processing by wire
bending.

Development of Methodology for Residual
Stress Analysis in Graded Wires

The preliminary investigations have shown that
complex material states exist in graded specimens.
These are characterized by gradients of the macro-
residual stresses from the surface to the specimen
depth. Furthermore, gradients of micro-residual
stresses, which show an increasing orientation de-
pendence with increasing depth are also present.
The gradients of the integral intensities also show
an increasing directional dependence with increas-
ing depth. The latter indicate increasing anisotropy
with increasing distance from the surface. The
measurement methodology for determining the
residual stresses of formed specimens was adapted
with the aim of recording and evaluating themacro-
residual stresses, but especially the micro-residual
stresses and texture effects, which are also impor-
tant for the material properties, at selected mea-
surement depths and directions. Themeasurement
methodology was extended with synchrotron in-
vestigations at DESY so that depth-resolved texture
data were included in the analysis of the complex
material states.

DFG Priority Program 2013



Forming Generation of Residual Compressive Stresses During Wire Drawing . . . | 133

Conventional Convex ConcaveIn
te
rn
al
st
re
ss
es
(M

Pa
)

-400
-300
-200
-100
0
100
200
300
400
500

Measuring location

α’-martensite

0° 180°

Austenite

0° 90° 180°

Axial Axial Axial

Axial Axial Axial
Tangential TangentialTangential

Tangential Tangential Tangential

°
90°

Figure 8.4 Residual stresses corresponding to the reflective layers on the lateral surface of the wire
drawing specimens in as a function of the die (geometry element) and the measuring location on
the specimen’s circumference.

Determination of Residual Stresses on
Extrusion Test Specimens, Drawn Wires and
Bent Wires

The results, evaluations and illustrations of the ex-
truded specimens were published in [1]. Forming
induced martensite formation near the surface [1,
see figure 5]. The determined residual stress states
for the martensite and austenite phases show dif-
ferent values, depending on the different matri-
ces (figure 8.4). For the example of the martensite
phase in the tangential direction using the convex
die, significant compressive residual stresses occur
with up to−490MPa, whereas for the martensite
phase using the conventional die in the tangential
direction, significant tensile residual stresses were
determined with +400MPa. It was found that
the phase-specific residual stresses are not homoge-
neous over the circumference of the specimens and
vary in their magnitude and sign [1, see figure 6].

For wire-drawn specimens, the location-dependent
distribution was reduced. The results and proce-
dure for slowly drawn wires are partly explained
and published in [2]. The test series were still car-
ried out in the first project phase, the measurement
and evaluation of the residual stresses were only car-
ried out extensively in the 2nd funding phase and is,
however, already presented here, as the focus was
placed on the higher drawing speed in this project
phase. Compared to extrusion, the measurements
on the wire surface show a slight increase in tensile
residual stresses when using the convex geometry.

With the concave geometry, the axial tensile resid-
ual stresses can be slightly reduced.

Characterization of Samples (Property and
Microstructure Characterization)

Comprehensive investigations were carried out on
the material. In addition to microstructural investi-
gations by light and scanning electron microscopy
and, in particular, electron backscatter diffraction
(EBSD) analyses, investigations were carried out
using X-ray and neutron diffraction methods. The
metallographic preparation of the transverse sec-
tions was implemented by means of an individ-
ual adaptation of the etching recipe based on the
Lichtenegger and Bloech recipe to identify the
deformation-induced phase transformation of the
austenite in the deformed edge zone based on trans-
verse sections and to analyze their expression and
homogeneity [1, see figure 5]. The results of the
color etching show that the microstructure, espe-
cially in the deformed edge zone, differs in depth
expression and homogeneity depending on the die
used. The X-ray phase analysis confirms this result.
It is evident that a deformation-induced marten-
site phase is formed in the immediate edge zone of
the specimens. This can be observed both during
impact extrusion and wire drawing. The forma-
tion and expression of the deformation-induced
martensite in the volume of the specimens are inho-
mogeneous for all geometry elements investigated
(conventional, convex and concave). The expres-
sion of the martensite layer at the edge of the speci-

DFG Priority Program 2013



134 | Forming Generation of Residual Compressive Stresses During Wire Drawing . . .

Table 8.2 Residual stresses near the surface of the martensite phase for two geometry elements
(convex and concave) before and after 10.000 load cycles in a fatigue test.

Geometry element
Residual stresses [MPa] - martensite phase

Initial state After 10.000 load changes

Axial Tangential Axial Tangential

Convex 204± 19 −243± 25 250± 31 −246± 19

Concave 427± 27 −221± 27 488± 23 −248± 21

mens varies in thickness in the ranges from 5 μm to
60 μm. Furthermore, it can be noted that residual
austenite components and intermediate phases due
to deformation (ε’ martensite) also coexist with the
martensite phase in the edge region. The marten-
site phase is also weaker in the edge region of the
180°measurement location. The inhomogeneous
martensite formation across the cross-section of
the samples due to the deformation was also de-
tected in neutron diffraction experiments using the
dark-field image (DFI) signal with depth resolu-
tion. The neutron diffraction experiments were
implemented at the Heinz Maier-Leibnitz research
neutron source in Munich. Neutron diffraction
takes place under the same geometric laws as the
diffraction of X-rays by crystals (Laue equations,
Bragg’s equation). The peculiarity lies in the inter-
action of the neutrons not only at the atomic nu-
clei (atomic scattering factor), but, because of their
magneticmoment, alsowith themagneticmoment
of the unpaired shell electrons. The diffraction pat-
tern is then determined not only by the chemical
but also by the magnetic order of the sample. The
investigations by means of neutron diffraction il-
lustrate that an inhomogeneous phase distribution
is present over the cross-section of drawn wire sam-
ples. It should be noted that a lowerDFI signal indi-
cates more scattering, which in turn is attributed to
scattering at the magnetic domains in the marten-
site. With the aid of EBSD measurements, the
microstructural investigations were supplemented
and the observations presented were confirmed.

Determination of the Stability of Residual
Stresses under Dynamic Loading

The dynamic load tests were performed on the
MTS 810 servo-hydraulic universal testing machine
with theMTSHydraulicWedgeGrips fixture using
MTS 647.10Wedge Set Assy (10.9mm–16.5mm)
jaws. Additional sleeves were fabricated and used
to appropriately clamp the specimens. In table 8.2
a selection of results with a load interval of 10.000
load cycles and a load amplitude of 5 kN is shown.
From table 8.2 the residual stresses near the surface
introduced by the forming process bymeans of con-
cave and convex dies, taking themartensite phase as
an example, do not show any significant changes in
their magnitudes during dynamic loading with the
selected load amplitude. Thus, the residual stresses
remain stable.

Determination of the Process Window and
Derivation of the Optimized Process

The results of the process simulation, the basic
forming tests and the residual stresses determined
were evaluated and anoptimumwas derived. When
determining the process parameters, attention was
already paid to later industrial feasibility. The grad-
ing process must be integrable into a typical pro-
cess chain for wire production in order to be eco-
nomically feasible for a wide range of applications
later on. The convex and concave die geometry
proved promising for introducing the desired resid-
ual stress state into the component.
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Spring Wire Bending Test with Residual
Compressive Stresses

In the 1st funding phase, the modular bending tool
financed from the project funds was developed and
initial bending tests were carried out. The aim was
to record the process forces during forming in ad-
dition to the 3-point bending and folding that are
particularly prevalent in themanufacture of torsion
bar springs. An integrated load cell (Kistler) and
a laser triangulation displacement sensor (Micro-
Epsilon) were used. The bending radii were varied
by alternating active parts, allowing the influences
of different residual stress states of the wires on the
bending behavior, specifically on the possible bend-
ing radii (0.9; 1 and 1.1 times the wire diameter) to
be investigated. The comprehensive experiments
with the various residual stress states in the wire
were shifted to the 2nd funding phase, while the
commissioning of the tool and initial preliminary
investigations were still carried out in the 1st fund-
ing phase. For 3-point bending, a bending angle
of 80◦ was defined and, depending on the bending
radii, the traverse paths of the servo press in which
the bending tool was operatedwere adjusted. In [2]
the design of the tool was published and the respec-
tive bending variant was shown [2, see figure 9]. In
figure 8.8 (2nd FÖP, AP6) the tool can be seen.

Evaluation and Consolidation of the Results

Definition of Favorable/Desirable Residual
Stress Conditions in the Workpiece Based on
the Findings from the 1st Funding Phase

Based on the findings from the 1st funding phase,
the residual stress states to be aimed for were de-
fined for the torsion bar spring. As mentioned
above, the convex and concave die geometries were
selected as suitable for achieving the desired resid-
ual stress state. The consideration of other geome-
tries was carried out by means of FE simulation.
At this point, it should be emphasized once again
that the residual stresses in the edge region can be
specifically adjusted in such away that, althoughno
compressive residual stresses were adjustable dur-
ing wire drawing, the tensile residual stresses can be
reduced. This was regarded as progress and further

pursued. The goal was now defined as further min-
imizing the tensile residual stresses and including
high-speed drawing, as in industrial wire drawing,
in the machining process. Since the research ap-
proach should not be limited to austenitic steels,
additional reference testswere carried outwith a fer-
ritic steel 1.0579 (S355J2+). For this material, phase-
independent flow curves were first recorded, and
the isotropic hardening behavior was extrapolated
using the Swift approach for higher degrees of de-
formation. These data were published in [3, see fig-
ure 4].

FE Simulations for the Design of Further
Drawing Dies

The incorporated geometry elements in the draw-
ing die cause a forming-induced change in the resid-
ual stress distribution in the wire, with the same
main geometric dimensions of the wire after wire
drawing. Further 2D axisymmetric as well as 3D FE
process simulations of wire drawing with rigid dies
were performed to investigate and analyze targeted
geometry elements for the drawing dies. In the
material definitions, the elaborated material mod-
els with isotropic hardening behavior (1.4301, S355)
and without mapping of the phase transformation
were used for the material 1.4301 since the models
for the phase transformation were still under devel-
opment andwere to be elaborated by a cooperation
in SPP2013 in the 3rd funding phase. The residual
stresses were calculated based on the hardening be-
havior. In figure 8.5 calculated residual stress values
for the axial component are illustrated for a selec-
tion of geometry elements in the drawing matri-
ces. The tractrix shapes (4–6) represent drag curves
whose formation varies, thus affecting the degree of
deformation and the resulting residual stresses dif-
ferently. With Traktrix shapes 1 and 2, the residual
stresses in the boundary region can be specifically
and significantly adjusted. The Traktrix-1 die was
therefore also investigated experimentally to some
extent. Selected results of the FE simulations , such
as the calculation of the degree of deformation, are
published in [2, see Fig. 5]. It is evident from the
curves of the degree of deformation as a function
of the matrix variant that these influence the layer
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Figure 8.5 FE simulation wire drawing 2D-axially symmetric 1.4301 – axial residual stresses over
the wire cross-section as a function of the incorporated geometry elements.

near the surface and that the degree of deformation
is increased with the geometry elements.

The material characterization and further valida-
tion are the focus of further work. To more ac-
curately represent the material behavior in a multi-
stage process aswell as in downstreamwire bending,
further investigations for the material models with
the integration of kinematic hardening will be car-
ried out as part of a student thesis after completion
of the project.

Determination of the Geometry of the
Drawing Dies

The manufactured drawing die geometries were
measured tactilely at four measuring points (0◦,
90◦, 180◦, 270◦) distributed around the circumfer-
ence in the forming zone using a coordinate mea-
suring machine and an additional combination of
a highly sensitive roughness gauge. Based on this
measurement data and the production-related de-
viations from the nominal geometry, the FE simula-
tion models were revised, and a comparative evalu-
ation was performed. This made it clear how these
geometry deviations affect the wire drawing pro-
cess. This contributed to the quantification of the
relevance of disturbance variables and to the further
validation of the FE simulations. The procedure
was described in the publications [2, 3].

Production of Wire Semi-finished Products
with Tension-compression Forming Processes

After the transition from modified impact extru-
sion [5] to a wire drawing process, the experimental
investigations of the temperature influence and the
validation of the FE simulations of the wire draw-
ing process continued to be carried out in the servo
press. In order to reproduce realistic forming condi-
tions of a classical wire drawing process at a speed of
2,000mm/s, tests were subsequently carried out
in a high-speed testing machine.

For the temperature investigations, the emissiv-
ity was first determined for relevant temperature
ranges during wire drawing by measuring the sam-
ples in an oven. These were heated to 200 ◦C and
cooled down to 180 ◦C during transport and in-
stallation in the device. The drawing of the speci-
mens wasmonitored with the thermal camera. At a
drawing speed of 20mm/s, the wire temperatures
were constant over the drawing area after an ap-
proximately 30mm run-in area at approximately
160 ◦C (conventional, concave die) and at approx-
imately 175 ◦C (convex die). A slightly reduced
force requirement was observed for the drawing
forces.

For the tests on the high-speed testing machine,
both the diemounting, and the specimen clamping
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Figure 8.6 Force-time curves for drawing tests at 20mm/s and 2,000mm/s.

had to be adapted. In [2, see figure 8] the die setups
are published and shown comparatively.

In figure 8.6 shows force-time curves using three
die shapes for a selection of the tests. Due to the in-
creased drawing speed, the required force decreases.
The evaluation and analysis of these extensive wire
drawing tests and the resulting residual stresses are
currently the content of a planned publication.

Design of a Demonstrator (Torsion Bar Spring)
and the Corresponding Process Chain for
Manufacturing

Based on the FE simulation models and the expe-
rience gained from the bending tests, a representa-
tive demonstrator was developed along the lines of
a torsion bar spring. The specifications were wire
bending by means of folding and 3-point bending
as well as the integration of a functional torsion
area. Furthermore, it had to be possible tomanufac-
ture the demonstrator from the drawing specimens
produced with the wire drawing fixture using the
specific dies. After testing the production possibili-
ties on an industrial bending machine, it was deter-
mined that the machine could not apply sufficient
force due to the wire diameter ofD = 10.8mm.
Thus, the demonstrator was designed for produc-
tion with the modular bending tool on the servo
press, considering the specified functional ranges
andmanufacturability. In the design, the following
was considered as shown in figure 8.7; a compo-
nent area for force application and a functional

area defined at 90◦ to each other. In addition, a
sufficiently long clamping area was provided for
testing the spring or functional capability. By ex-
amining the different bending radii, the lengths of
the defined areas change. It was determined that
the functional torsion range should always have the
same length of 45mm for the comparability and
evaluation of the vibration tests, regardless of the
bending radius. Depending on the bending radius
(R 7.6–11.9mm), the component areas of force
application and clamping range vary in this respect.
The bending angle of 80◦ for 3 point bending was
left the same. The process chain for manufacturing
the demonstrator provides for the force applica-
tion area to be produced first by bending after wire
drawing in the first step and then the functional
and clamping area to be produced in the second
step by 3-point bending. Extensive load tests were
planned for the 3rd production phase. In this re-
spect, a concept was also already designed in this
funding phase, which is additionally presented in
WP10. However, the 3rd funding phase was not
approved, so that these investigations could not be
carried out.

Simulation Models and Validation for Wire
Bending

The FE simulation models were built on the ba-
sis of 3Dmodels with symmetry plane and taking
into account the travel values of the press of the
experimental bending tests in order to be able to
compare the force-displacement curves as well as
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Figure 8.7 Demonstrator with defined functional areas manufactured by means of folding and
3-point bending in the modular bending tool.

the angles of springback. In addition to bending,
wire drawing was also simulated in advance in the
models using the measured die data. The results of
the calculations were used to design the bending
radii and the experimental bending tests (figure 8.8).
In comparison, the evaluation of springback shows
similar behavior for both materials 1.4301 and S355.
Depending on the bending radius, the springback
is reduced at smaller bending radii. The absolute
values agree better in the testswith thematerial S355.
This is also evident in the force values. Further nec-
essarywork, whichwas started at the end of the 2nd
funding phase, is to develop a kinematic hardening
model and a damage model, as well as to further de-
velop the material model for the material 1.4301 in
order to represent martensite formation and thus
to calculate the force values in a comparable way.

Experimental Bending Tests with Wire for
Validation of the Simulation

With the modular bending tool, basic investiga-
tions on the bending of the wires have been real-
ized. The wires made of 1.4301 and S355 were drawn
at 2,000mm/s and the various dies conventional
(Ref), convex (Kov), concave (Kok) and tractrix
(Tra). Force and displacement curves were recorded
via the measuring sensors of the bending tool. The
variation of the bending radii was performed via
the alternating active elements [R 7.6 (0.7xD); R
8.6 (0.8xD); R 9.7 (0.9xD); R 10.8 (1xD); R 11.9
(1.1xD)]. Bendingwith a nominal angle of 90◦ and
3-point bending with a nominal angle of 80◦ were
investigated. In addition to the forming force, the
angles of the springbacks due to the superposition

of the residual stresses and the stresses caused by
bending, as well as any material failure, were eval-
uated. When bending the 1.4301 wires, it was de-
termined, as with the measured residual stresses,
that the wires drawn with the concave geometry
exhibited lower bending forces and also reduced
springback compared to the reference process due
to the lower tensile residual stresses. This applies to
all bending radii. The specimens drawn with the
other geometries do not show this reduction, or in
the case of the convex variant there is an increase in
the values of bending force and springback due to
the highermartensite content in the edge region. In
3-point bending, the reductions in bending force
and springback are not observed to the same extent.
However, it can also be seen here that the forces
and springbacks increase in the convex variant.

Fabrication and Characterization of the
Torsion Bar Spring/Demonstrator

The demonstrators weremanufactured in themod-
ular bending tool according to the concept devel-
oped in AP5 (figure 8.9). The rationale for the
change from the industrial bending machine is
explained in AP5. In addition to material 1.4301,
demonstrators were also recovered formaterial S355.
In the process, the characteristic values of displace-
ment, by means of a laser sensor, and force, by
means of an integrated force ring, were recorded
via measurement data acquisition. In addition to
the initial wires, which were manufactured using
conventional, convex, concave as well as the Trak-
trix geometry, a variation of the bending radii was
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Figure 8.8 Bending tests with the modular test tool – bending and 3-point bending as well as
accompanying FE bending simulation.

carried out as indicated in AP5. The springback
and the assessment of any cracks were evaluated. In
addition to the demonstrators, the fabrication of
pure bevel specimens and 3-point bend specimens
was also performed in AP7 to determine interac-
tions due to further bending. No influence could
be detected.

Simulation of the Load on the Torsion Bar
Spring

Within the scope of AP9 and AP10, a device for
load investigations of the torsion bar springs was
designed. Due to postponements in the personnel
months andmaterial models that have not yet been
fully developed, the investigations were to be car-
ried out in the 3rd funding phase. Since a manufac-
turing of the device was not possible and therefore
the execution of experimental investigations could
not be realized, values for the validation of the FE-
simulations were missing. Furthermore, complete
3D elements andmodels are necessary, which result
in a high computational effort. In combination
with the material model with kinematic hardening,
which is currently still under development and nec-
essary in this application, it was foreseeable that an
exact representation of the load would not be pos-
sible. However, the FE models have already been
developed and can be calculated after completion
of the material model.

Vibration Tests on Wires and Springs

The aim of the AP was to carry out dynamic
load tests on torsion, tension-compression and al-
ternating elastic bending on selected variants of
drawn wires and torsion bar springs, taking into ac-
count defined intervals and load collectives. Based
on the previous tests, it was decided to conduct
only tension-compression tests and to focus on
the torsion and bending tests in the 3rd fund-
ing phase. Residual stress analyses (macro, micro-
residual stresses) were performed at selected mea-
suring points before and after the vibration tests
to check the stability of the residual stress states.
The residual stress state was determined specifically
after 10.000 and 100.000 load cycles at 5Hz and
5 kN load spectrum in order to analyze the effects
of the dynamic load on the residual stresses and
thus draw conclusions about their stability. The
investigations revealed a stable residual stress state
in the fatigue test with a slight reduction in residual
stresses. A concept for testing the demonstrator
has already been developed in conjunction with
WP9, which is shown in figure 8.10. With the same
setup of the testing machine, bending, torsion and
bending with additional torsion are to be investi-
gated by the respective clamping and bearing of the
demonstrator.

Depth-resolved Determination of Residual
Stresses

The investigations within the 1st funding phase
showed that the formed samples exhibit complex
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Figure 8.9 Fabrication of the demonstrator by means of folding and subsequent 3-point bending.
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Figure 8.10 Design of the fixture for the vibration tests of the demonstrator.

material states, in particular at the sample surface.
Due to the cross-linking in SPP2013, the analy-
ses were extensively expanded in the 2nd funding
phase through a collaboration with KIT. The influ-
ence of the deformation-induced phase transforma-
tion and the degree of deformation on the residual
stress state at the specimen surface were first deter-
mined by means of depth-resolved residual stress
determination. In addition, integral intensities and
half-widths were evaluated, providing conclusions
about the degree of deformation of the specimen
as a function of the selected process parameters.
Radiographic investigations were carried out on
the specimens with respect to macro and micro-
residual stresses as well as texture. For the analysis
of the near-surface properties, measurements were
performed with laboratory X-rays and the reflec-
tion intensities, positions and profiles were evalu-
ated at different specimen tilts and rotations. To
analyze the gradients of micro- and macro-residual
stresses, measurements were performed after step-

wise electrochemical removal. The deformation-
induced microstructural transformations that oc-
cur in thematerial 1.4301 during wire drawingmust
be taken into account in the experimental anal-
ysis of residual stresses. These processes also de-
pend on the drawing speed. In order to investigate
this relationship, measurements using the borehole
method (BLM) were included in addition to phase-
specific XRDmeasurements. The aim was to ana-
lyze the macro-residual stresses at a greater compo-
nent depth in addition to the XRDmeasurements
in the near-surface region. Due to the characteris-
tic martensite formation during cold forming of
1.4301 and the high degree of deformation at the
specimen edge, an X-ray residual austenite anal-
ysis was also carried out with evaluation accord-
ing to the Rietveld method. Examined and com-
pared in this comprehensive evaluationwere drawn
wires produced with the geometry variants conven-
tional (Ref), convex (Kov) and concave (Kok), both
withdrawing speeds of20mm/s and2,000mm/s.
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Figure 8.11 Experimental results 1.4301 – X-ray diffraction (XRD) and borehole method (BLM).
Left: Wire drawing at 20mm/s. Right: Wire drawing at 2,000mm/swith the geometry variants
conventional (Ref), convex (Kov) and concave (Kok).

Fromadepthof about30 μm (Kov andKok)below
the wire surface, an approximate 90% austenite
content could already be detected. For the refer-
ence condition (Ref), 85% austenitic microstruc-
ture was already present from a depth of 15 μm. At
greater depths, the samples exhibit the initial mi-
crostructure with an austenite content of 100%.
The residual austenite analyses at the specimen sur-
face gave the following values: Ref 81%, Kov 72%,
Kok 74% for the specimens drawn at 2,000mm/s.
For the samples drawn at 20mm/s, no martensite
reflex was measurable by XRD analysis at the sur-
face. For the analysis of depth distributions, succes-
sive electrochemical layer removal was performed
in combination with renewedXRD analysis on the
newly formed surface in each case. Phase-specific
XRD residual stress analyses were performed for
both the martensite phase (lattice plane α’211,) and
the austenite phase (lattice plane γ220) usingCr-Kα
radiation and a 1mmmm round collimator. The
BLM measurements were performed with a face
millD = 0.8mm and a strain gauge rosette: EA-
06-031RE-120. The measuring points were located
in the center of the drawn specimen and thus in the
stable range, whichwere determined and verified in
the FE simulation. Figure 8.11 summarizes the resid-
ual stresses determined by X-ray on the dominant
austenite phase in the immediate vicinity of the sur-

face (two ablation depths) and the results of the
mechanical macro-residual stress analyses (BLM)
for the two main directions axial and tangential for
the drawn wires.

Differences are shown with regard to the absolute
values in the comparison of the two drawing speeds.
A publication of the results is currently being pre-
pared. When analyzing the results, it becomes clear
that there are significant influences on the residual
stress states during wire drawing with geometry el-
ements in the layer close to the surface. Thus, for
the high drawing speeds, it can be read that the
axial and tangential residual stresses in the surface
region initially assume significantly lower numeri-
cal values and, in addition, the tangential residual
stresses have lower values than the axial residual
stresses. With increasing distance to the surface,
this relationship changes. In order to be able to
compare these with the FE simulation, the resid-
ual stress analyses in the immediate vicinity of the
surface alone are insufficient; moreover, the values
near the surface can be influenced by shear and fric-
tion effects. In addition, the evaluation of residual
stresses due to multiphase near-surface in the case
of material 1.4301 always requires measurement in
both phases (austenite and martensite) to provide
macro-residual stress values for simulation match-
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ing. Incremental BLM directly allows the resid-
ual stress depth distribution to be determined to
great depths, providing the macro-residual stresses
needed for the adjustment. For the high drawing
rate, a good agreement regarding the material be-
havior between the XRD and BLMmeasurements
can be recognized, which also speaks for the valida-
tion of the measurement methods.

In the evaluations of the FE simulations and in the
comparison with the residual stress analyses, it be-
comes apparent that there are clear influences of the
residual stress states after wire drawing, especially
in the edge region. In order to reasonably evalu-
ate the residual stress distributions influenced by
the deformation-induced phase transformations, it
is absolutely necessary to apply a combination of
phase-specific XRD (surface proximity) and BLM
(greater depths). In order to analyze the geometry
variations in this respect, the complementary use of
both analysismethodswill also be a focus in further
investigations. The depth distributions presented
clearly show that the residual stresses depend on
the drawing speed present and the geometry vari-
ant. For the wire drawing step from D0 = 12
to D = 10.8mm and a degree of deformation
of φ = 0.26 for the conventional variant, a high
level of tensile residual stress occurs in the surface
region at a drawing speed of2,000mm/s. The con-
ventional geometry (Ref) exhibits tensile residual
stresses of well over 600MPa (BLM) near the sur-
face. By using the geometry elements with concave
additional element, this axial tensile residual stress
is reduced by up to 28%, especially in the area of
approximately 0.1mm depth; on the other hand,
there is a peak at approximately 0.3mm. The resid-
ual stress curve in specimens drawn in the mold
with a convex additional element shows a reduc-
tion in the axial tensile residual stress of up to 15%
at depths of 0.04– 0.32mm. Thereby, the course
corresponds qualitatively to that with the conven-
tional geometry. The quantification of the prop-
erty improvementwith respect to the residual stress
distribution in the wire can thus be demonstrated
and thebehavior, inparticularwith thewires drawn
with the concave geometry, is also shown in the
bending tests (AP7).

In the experimental investigations with the mate-
rial S355, it was possible to prove at a drawing speed
of 20mm/s that the residual stresses can be specif-
ically adjusted by forming with a geometry element
in one drawing stage. Compared to drawing with
a conventional drawing die, the convex geometry
element was able to adjust the axial residual stresses
at thewire surface on average from about 330MPa
to about222MPa and to about301MPawith the
concave forming element [3]. At higher drawing
speeds, this difference can no longer be observed,
which is also reflected in the bending tests. Further
investigations and publications are planned here
across projects.

Validation of Measurement Methods for
Residual Stresses

Within the framework of SPP2013, an interlabora-
tory test was initiated in which the validation of
the measurement method for the radiographic de-
termination of residual stresses was made possible.
Mutual validation of the experimental measure-
ment methodology was implemented by means of
a mutual exchange of residual stressed steel sam-
ples with subsequent X-ray, depth-resolved resid-
ual stress analysis. The results of the residual stress
analysis were compared with each other and no
significant deviations were found with regard to
measurement and evaluation strategy.

Validation of the Simulation by Building
Models to Represent Phase Transformation

In order to build a material model that represents
deformation-induced martensite formation, re-
search was first carried out and various approaches
were considered. In the course of theWP, the cross-
linking in SPP2013 was used and a macromechani-
cal material model was built with colleagues from
BTUCottbus using literature values to represent
the material 1.4301. Extensive outstanding inves-
tigations for the construction and validation of
the model were planned for the 3rd funding phase.
Due to the high complexity of such a computa-
tional model with a high workload, the calibra-
tion with literature values of the subroutine in LS-
DYNAwas performed in this funding phase. First
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Figure 8.12 110-, 200- and 211-pole figures of the martensite phase at the immediate edge region
after the forming (wire drawing with convex geometry element).

evaluations showed about 40 volume percent of
deformation induced martensite as homogenized
value from the bar surface to 0.4mm towards the
core. Axial and tangential tensile residual stresses
between 300MPa and 600MPa occurred, but av-
eraged through the element size. Thus, a direct
comparison with the measurements of the resid-
ual stress analyses using XRD and BLM was not
possible, although the results based on literature
data are already in the correct order of magnitude.
Further work is needed here to validate the FE sim-
ulations.

Material Investigations for the Construction
of the Phase Models

The material characterization of the formed speci-
mens made of 1.4301 showed that forming-induced
martensite formation occurs on the specimen sur-
face. For this purpose, X-ray phase determination
is used to analyze the martensite content as a func-
tion of the process parameters on the specimen sur-
faces. By means of electrolytic ablation, specifically
graded depth-resolved residual stress determination
was realized. In addition, metallographic prepa-
rations were carried out to further investigate the
forming-induced phase by means of color etching
on transverse sections, and their expression into the
sample interior was analyzed. Additional EBSD in-
vestigations on the transverse section allowed the
orientationof the phases to be determined as a func-
tion of specimen depth. Depth-resolved texture
measurements were performed on the deformed
samples at the German Electron Synchrotron. Due

to the relatively low degree of deformation, the ex-
pression of a characteristic deformation texture can
only be detected to a limited extent. In figure 8.12
the 110-, 200- and 211-pole figures of the marten-
site in the edge region of the barmaterial for convex
deformation are shown as examples.

Investigation of Disturbance Variables in the
Forming Process

This work package served to quantify the relevance
of disturbance variables and material variations for
the selected forming process. Using the example of
forming temperature and lubrication, it was found
that increased forming temperature affected lubri-
cation such that the surface of the specimens exhib-
ited significant residues of lubricant after the form-
ing process thatwere difficult to remove. This had a
negative effect on the near-surface, radiographic de-
termination of residual stresses. Surface properties
could also be affected by the lubricant layer present,
whichwas about 10 μm thick. Furthermore, no sig-
nificant change in residual stresses after wire draw-
ing was observed by varying the forming temper-
ature. Variations in the geometry of the drawing
dies also have a strong effect on the level and homo-
geneity of residual stresses over the circumference
of the specimens. It was found that asymmetric
die design leads to inhomogeneous residual stress
states. Furthermore, the internal geometries of the
drawing dies were determined and incorporated
into the FE simulations (WP3). Thus, the devia-
tions could also be analyzed and taken into account
for the validation.
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8.2.2 Statement on the Economic
Usability of the Results

The project carried out involved a modification of
the wire drawing process bymeans of an innovative
die geometry in order to improve the formability
of the wires in subsequent process stages for the
production of torsion bar springs and to optimize
the end properties. The findings obtained support
future process parameter selection with regard to
application-optimized wire semi-finished products.
In particular, the possibilities for reducing the ten-
sile residual stresses at the wire surface should be
emphasized. No industrial partner was involved in
the project and no patents were filed. In further
activities, interest has already been shown by indus-
trial partners in transferring the technology devel-
oped in a transfer project for large-scale production.
Further investigations into the load capacity of the
optimized torsion bar springs are to be carried out
in advance.

8.2.3 Cooperation Partners at Home and
Abroad

In the context of the 2nd funding phase, coopera-
tion took place with colleagues from SPP2013 Dr.-
Ing. Johannes Buhl - BTUCottbus (FE simulation
of phase transformation) and Dr.-Ing. Jens Gib-
meier - KIT Karlsruhe (XRD analyses and BLM).
Within the scope of the joint publication in the ex-
pert group “ThickWalled” [5], the colleagues Prof.
Merklein - FAU Erlangen, Prof. B. Kuhfuß - bime
Bremen, Prof. W. Volk - TU Munich, Prof. B.
Behrens - Leibniz Universität Hannover and Prof.
P. Groche - TUDarmstadt cooperated.

8.2.4 Qualification of Young Scientists in
Connection with the Project

Within the framework of the project, student as-
sistants were employed for the evaluation of the
metallographic investigations and the FE simula-
tions, which enabled them to expand their scien-
tific work skills. Currently, a master’s thesis on the
topic of material map generation under considera-

tion of kinematic hardening has emerged from the
project.

8.3 Summary

The aim of the joint project was to use geometry
elements in the drawing dies to specifically influ-
ence the stress curves over the specimen cross sec-
tion during wire drawing and thus to reproducibly
generate stress states that have a positive effect on
the manufacture and use of torsion bar springs. In
the 1st funding phase, the material 1.4301 was an-
alyzed. In order to design the geometry elements,
FE simulations were set up and various geometry
elements for extrusion and wire drawing were con-
sidered in the calculations. Based on this, it was
possible to develop a wire drawing device and carry
out tests. In order to investigate the further process-
ing into torsion bar springs and the influence of the
adapted residual stress states of the component in
the bending process, a modular wire bending tool
was developed, with which bending and 3-point
bending operations can be investigated using dif-
ferent bending radii. During the investigations, it
was numerically and experimentally demonstrated
that the geometry elements in the dies influence
the distribution of residual stresses across the wire
cross-section. The phase-specific residual stresses
were determined radiographically, depth-resolved
and demonstrated qualitatively. With the aid of
metallographic examinations and texture analyses,
the effect on the near-surface deformation-induced
martensite formation was analyzed. Due to the ge-
ometry elements, residual compressive stresses are
generated in the edge region during extrusion. Dur-
ing wire drawing, the tensile residual stresses were
reduced. The stability of the residual stresses was
demonstrated in the fatigue test. The results were
used to validate the FE simulations and to assess the
effect of themodified residual stress distribution on
the bending process. The objective of the 2nd fund-
ing phase was to deepen the specific adjustment of
residual stresses during the drawing process and to
investigate the relevance of disturbance variables
and material variations. The resulting influence on
the near-surface residual stress states was demon-
strated phase-specifically using X-ray residual stress
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analysis (sin2 ψ- method) and made available for
the validation of the FE simulations. Furthermore,
the macro-residual stresses could be analyzed using
the borehole method. The wires were drawn at dif-
ferent temperatures and drawing speeds using the
developed drawing matrices. In addition, the devel-
opment of a demonstrator was carried out, which
shows characteristic component areas of a torsion
bar spring and was manufactured with different
bending radii in the bending tool. The evaluation
of the wires was carried out with regard to failure
and influence of springback and proved a possible
improvement of the properties of the components.
This was followed by further development of the
FE simulations for wire drawing and bending with
regard to predictability and investigations into the
mapping of phase transformation. Furthermore,
work was carried out on the material map genera-
tion for kinematic hardening. Dynamic loading in
the formof vibration tests was used to quantify and
confirm the stability of residual stresses. The inter-
action between the residual stresses introduced into
the wire by the geometry elements and the bend-
ing deformation to form the torsion bar spring was
investigated in the project and demonstrated with
regard to property formation.

An aim of the research project was to influence
the residual stress distribution over cross-section
during wire drawing by geometric elements in the
drawing dies. This creates residual stress condi-
tions in a reproducible process that have a positive
effect on the production and application of tor-
sion bar springs. First, the material was analyzed.
In order to design geometric elements in the dies,
FE simulations were set up and specific geomet-
ric elements were considered. The experiments
were developed and carried out on the basis of a
wire drawing device. To investigate further pro-
cessing to torsion bar springs and the influence of
the adapted residual stress states of components
in the bending process, a modular bending tool
was developed. Folding and 3-point bending opera-
tions can be analyzed using different bending radii.
Based on investigations it was demonstrated that
the geometric elements in the dies influence the dis-
tribution of the residual stresses over the wire cross-
section. The phase-specific residual stresseswere de-
termined byX-ray, depth-resolved and qualitatively

verified. Using metallographic and texture analy-
ses, the effect on deformation-induced martensite
formation near the surface was evaluated. The geo-
metric elements were able to reduce residual tensile
stresses, ideally compressive stresses are generated.
The stability of residual stresses was verified in fa-
tigue tests. Results were used to validate the FE
simulations and assess the effect to change residual
stress distribution on the bending process. In the
second funding phase the controlled adjustment
of residual stresses during the drawing process was
intensified. Investigations of the relevance of dis-
turbance variables and material fluctuations were
performed. The borehole method for analyzing
the macro-residual stresses complemented the X-
ray analysis. The wires were drawn with the devel-
oped drawing dies at different temperatures and
drawing speeds. A demonstrator, which has char-
acteristic component areas of a torsion bar spring
was designed and produced. The evaluation of the
wireswas focusedon failure and the influence of the
spring back and represent a potential improvement
of component properties. The FE simulationswere
further developed with regard to predictability and
investigations into the depiction of phase transfor-
mation. In addition material cards for kinematic
hardening were prepared. The stability of the resid-
ual stresses was quantified and confirmed by dy-
namic loads in fatigue tests. The interaction be-
tween the residual stresses introduced into the wire
by the geometry elements and the bending defor-
mation to the torsion bar spring were investigated
in the project and demonstrated with regard to the
property formation.
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9.1 Introduction

In the field of automotive manufacturing, sheet
metal components are used both as cladding or
exterior panels and as structural parts with load-
bearing functions in various assemblies. Currently,
these structural parts are conservatively designed
due to vibrations and repeated load changes during
operation, resulting in relatively large sheet thick-
nesses. Modern lightweight design requires that
the sheet thickness must be reduced while keeping
high operational strength. One promising and ef-
fective approach to meet these requirements is to
locally adjust defined stress conditions in the sheet
metal component, which positively impact static
and dynamic loads during operation and allow for
a reduction in sheet thickness.

This research project aims to enhance the proper-
ties of sheet metal structural components through
targeted forming techniques that introduce homo-
geneous compressive residual stress (RS) distribu-
tions. The approach followed here is to implement
local embossings in areas subjected to high loads.
The homogeneous compressive RS distributions
generated through the embossing technique coun-
teract static and cyclic loads during component
operation, resulting in a significant improvement
in the fatigue strength of such load-bearing sheet
metal components. This allows for a reduction in
sheet thickness while maintaining the same opera-
tional durability.

To enable reliable prediction of the RS distribu-
tions arising from the combination of sheet metal
forming and local embossing, suitable models are
being developed to simulate the generation of local
RS and their stability under mechanical loading.
These models consider various scales and types of
RS, i.e., RS on all length scales (RS of Ist to IIIrd

kind). By employing a two-scale simulation ap-
proach using a mean-field concept and considering
the local material texture, the local embossing is
simulated to design the optimal forming processes
for component manufacturing.

This collaborative project focuses specifically on
the production of thin-walled sheet metal struc-
tural components for battery enclosures in electric
vehicles. Due to the operational conditions and
requirements of the forming process, these compo-
nents primarily consist of high-strength, corrosion-
resistant sheet materials with good formability.
One suitable group of materials that offers this
combination of properties is duplex stainless steel,
which is being specifically investigated in this re-
search project. The multiphase structure of these
materials and their phase-specific crystallographic
texture pose a particular challenge for the numer-
ical simulation and experimental analysis of RS.
Therefore, it is necessary to consider the phase-
specific micro-RS of these sheet materials. Within
this project, appropriate measurement and evalu-
ation strategies are being developed to analyze the
local RS at various length scales. At the same time,
a simulation model is being developed to enable re-
liable prediction of the RS in multiphase materials
with large phase fraction of the contributing phases
with phase-specific crystallographic texture.
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Figure 9.1 Schematic of the process of embossing and reforming sheet metal blanks. 1st operation:
embossing of the structure (left) and associated RS distribution (a and c); 2nd operation: reforming
of the embossed structure (right) and associated RS distributions (d and f). [1]

9.2 Studies of the Design of the
Combined Forming and
Embossing Process

To specifically increase the fatigue strength of sheet
metal components, the objective of process de-
velopment was to introduce compressive residual
stresses (RS) with the most homogeneous distribu-
tion possible into the sheet metal material by using
near-surface embossing. Embossing was only to be
applied superficially to ensure that the basic compo-
nent geometry was not changed by the process, as
is the case, for example, when beads are introduced.
Concretely, the embossing indents were applied
to blanks with a sheet thickness of 1.5mmwith a
depth of between 50 μm and 100 μm.

As part of the process design, different embossing
structures consisting of truncated pyramids, hemi-
spheres or line composites were numerically inves-
tigated in terms of their potential for specifically
introducing compressive RS into sheet metal ma-
terials. For this, simplified FE simulation models
were created, allowing different punch geometries,
embossing strategies and embossing depths to be
investigated using flat sheet samples as examples.
Here, it was found that soft contours lead to fewer
stress peaks and thus more homogeneous RS distri-
butions within the sheet metal material. Based on
these results, the geometry of embossing was deter-
mined as a groove structure. To further optimize
this structure, different groove distances anddepths

were simulated in the next step. As a result of this
structural optimization, embossing grooves with
a spacing of 0.5mm and a penetration depth of
100 μmwere obtained as the best variant regarding
compressive RS introduction. Furthermore, the
simulation results of the optimized embossing pro-
cess showed that a single embossing stroke was not
capable of producing sufficiently homogeneousRS
distributions. For this reason, a so-called reforming
operation was established after the actual forming
and embossing process, leading to a more uniform
distribution of RS (see figure 9.1).

Based on these first numerical investigations on
flat sheet samples, a specific embossing geometry
was implemented in a real forming tool, enabling
simple bending specimens to be formed and em-
bossed simultaneously and finally reformed in a
subsequent step. During the design process for
this tool, static-structural mechanical analyses were
carried out with an unembossed specimen before
the forming and embossing simulations to identify
critical component areas with increased stress con-
centrations. Subsequently, embossing structures
were numerically determined for this area to com-
pensate for these stress concentrations via compres-
sive RS superposition. This embossing structure
was implemented at the end of the forming pro-
cess by pressing the bending punch equipped with
embossing dimples into the specimen. In contrast,
forming a pre-stamped sheet would lead to a rear-
rangement and reduction of the compressive RS
distribution or could even generate balancing ten-
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Figure 9.2 Result of X-ray diffraction residual stress analysis on stamped and reformed sheet angles
made of X6Cr17; measuring path in the inner radius on sample variant 1 (a) and sample variant 2 (b).

sile RS in areas adjacent to the actual embossing
zone. A further advantage of this approach is that
the embossing process can be integrated into con-
ventional sheet metal forming processes, such as
deep drawing and crash forming [2]. This avoids a
separate step for the specific introduction of com-
pressive RS into the sheet metal surface. The inves-
tigations showed that the compressive RS induced
into the sheet sample strongly depended on the em-
bossing depth and the embossing surface. Higher
embossing depths led to plastic deformations in
the width and length of the sheet specimen, which
resulted in a decrease in the compressive RS. To
determine the optimum amount of compressive
RS induced by the approach for the considered
part, a sensitivity analysis was carried out. Based
on the results of this analysis, a die tool with in-
terchangeable inserts was developed to produce
embossed and subsequently reformed bending an-
gles. Two inserts with different embossing struc-
tures were designed. The tool allowed conventional
bending of the sheet sample at the beginning of
the process. During the last 0.1mm of travel, the
punch head pressed the embossing structure into
the sheet surface. Subsequently, only the elevations
of the embossed surface were reformed by a few
10 μmwith a reforming punch in a second process
step. The developed process was evaluated using
the single-phase ferritic corrosion-resistant stain-
less steel X6Cr17 (1.4016) and the two-phase du-
plex stainless steel X2CrNiN-23-4 [3]. Both materi-
als reveal comparable mechanical properties. Fur-
thermore, two variants of bending samples were
produced, differing only in the specimen width

(18mm and 30mm). Afterwards, the embossed
bending samples were handed over for further ex-
perimental X-ray analyses of phase-specific RS and
for performing alternate bending tests. The X-ray
RS analyses showed an RS distribution across the
embossing field that was assessed for being suffi-
ciently homogeneous, which was balanced by ten-
sile RS at the edge of the embossing zone. The com-
pressive RS were measured along a measurement
path transverse to the embossed structures. It was
found that the combined forming-embossing step
already produced an approximately homogeneous
distribution of compressive RS in the embossing
field. Subsequent reforming further increased the
compressive RS in the first sample variant, while
the balancing tensile RS in the areas at the edge of
the embossing remained almost unchanged. In the
smaller sample variant, the reforming led to an in-
crease in the compressive RS at the sample surface.
No tensile RS were observed at the specimen sur-
face, indicating that the compressive RS in depth
were compensated by tensile RS (see figure 9.2).
The alternate bending tests further showed that the
induced compressive RS in the sheet metal sample
were produced stably and reproducibly.

9.3 Numerical Design of the Tool
Concept

Finally, the results were transferred to a more com-
plex and realistic part. Here, a section of a sup-
port plate used to fix battery housings in the frame
structure of an electrically driven vehicle was se-
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Figure 9.3 Schematic representation of the reference part and the sample part, with the embossing
area highlighted.

lected as a sample part (refer to figure 9.3, left side).
Again, static-structural mechanical analyses were
performed to identify the most suitable areas for
introducing compressive RS. For this, areas were
determined to show the highest tensile stresses and
thus a high probability of failure under continuous
loading.

Once the part geometry and critical areas were de-
fined, the next step was to determine the tool’s
working surfaces. As the developed process in-
volved separate operations for combined forming
and embossing as well as for reforming, tool work-
ing surfaces were numerically designed for each of
these two operations. To evaluate the working sur-
face of combined forming and embossing, addi-
tionally, a simulation with working surfaces for an
unembossed part was conducted as a reference. Fig-
ure 9.4 shows the simulation results of the forming
operation without embossing and additional load.
On the left side, the x stresses and, on the right
side, the y stresses are displayed. For validation, this
simulation was compared with real measured data
obtained from the residual stress measurements.
Subsequently, the validated simulation of the un-
embossed bending specimen was used as starting
point for the simulations of the embossing and ref-
ormation operations.

Best compensation of the tensile stresses prevail-
ing in the not-embossed bending specimen was
achieved with a total of 35 groove-shaped emboss-
ings aligned with the load direction of the sample
and introduced in the marked area in figure 9.3

(right side). The embossing die was designed to
create embossings that penetrated the component
by approximately 100 μm. Figure 9.5 illustrates
the simulated embossing process, showcasing stress
components in x (left) and y (right) direction.

The simulation result shown in figure 9.5 still re-
vealed an inhomogeneous distribution of RS over
the embossed surface in the x and y directions. To
achieve a satisfactory homogenization of theRS dis-
tribution, an additional reforming operation was
introduced. Here, the reforming die indented the
embossings by 20 μm. This resulted in a more uni-
form distribution of RS across the embossing sur-
face, as shown in fig. 9.6. These simulation results
were finally validated by real experiments.

9.4 Tool Concept Design

The tool concept was derived from the aforemen-
tioned sequence of operations. Another criterion
was to design the tool in a single stage, meaning that
the tool’s working surfaces could be changed for
each operation. In addition to the embossing and
reforming operations, a forming operation with-
out the embossings was needed to assess and quan-
tify the fatigue behavior due to the embossing and
reforming. To fulfill these requirements, it was de-
cided tomanufacture three inserts representing the
three operations (forming, combined forming and
embossing, and reforming).
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Figure 9.4Numerical results of the bending process simulation.

Figure 9.5Numerical results of the embossing process simulation.

Figure 9.6Numerical results of the reforming process simulation.

The tool was designed to be compatible with a
single-acting press at IFU. Based on the specified
tool requirements, the tool was manufactured (see
figure 9.8 a). The different inserts were manufac-
tured for the tool, as shown in figure 9.7. The re-
sulting components are displayed in figure 9.8 b,
illustrating forming with and without embossing
as well as reforming from left to right.

9.5 Experimental Analysis of
Residual Stresses on Textured,
Multi-phase Sheet Metal
Materials

The problem with local experimental analysis of
forming-induced RS distributions in thin-walled
sheet metal components is, in addition to the thin
walls as such, that crystallographic textures are usu-
ally introduced during manufacturing and must
be taken into account. In the case of multi-phase
material states with large phase fractions of the con-
tributing phases, such as duplex steels, there are also
phase-specific textures. In order to evaluate the RS,
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Figure 9.7 Computer-aided design concept of the tool.

Figure 9.8 Real tool a) and the produced part b).

it is necessary to carry out phase-specific RS ana-
lyzes based on diffraction methods (e.g., X-ray or
neutron diffraction) and to take the phase-specific
texture and texture gradients into account both in
the measurement and in the evaluation.

In the present sub-project, the duplex stainless steel
X2CrNiN23-4 (material number 1.4362) in cold-
rolled condition with a sheet thickness of 1.5mm
was used as the model material. This stainless steel
has a ferritic-austenitic structure with a phase con-
tent of approximately 50%. Figure 9.9 shows an
example of the results of EBSD (electron back scat-
ter diffraction) analyses that were carried out in the
plane of the sheet and in longitudinal and trans-
verse sections of the initial material state. Both
phases have grains that are elongated in rolling di-
rection, with the ferrite phase having a significantly
larger average grain size (see figure 9.9).

To determine the crystallographic texture, pole fig-
ures were determined by means of X-ray diffrac-

tion for both phases of the duplex stainless steel,
in the ferrite and austenite phase, in addition to
the local EBSD analyses and the orientation den-
sity distribution function (ODF) was calculated
from them. In combination with sequential, elec-
trochemical material removal, the depth gradient
of the local texture over the entire sheet thickness
was determined in this way. Both phases show a
typical rolled texture for the respective crystal struc-
ture (ferrite: cubic body-centered (bcc), austenite:
cubic face-centered (fcc)) and a slight decrease in
texture sharpness toward themiddle of the sheet.

The basic problemwith the X-ray analysis of RS on
elasto-plastic formed components made of duplex
stainless steel is shown in the following illustrations.
While the RS analyses using the incremental bore-
hole method are hardly influenced by the phase-
specific crystallographic texture, the results using a
case-specific numerical calibration [5] the depth gra-
dients of the local macro RS were represented very
well. However, the X-ray phase-specific RS analy-
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Figure 9.9 EBSD analysis of the cross section of the X2CrNiN23-4 stainless steel sheet: phase
distribution (left) and orientation maps of the phases ferrite (middle) and austenite (right) [4].

ses are significantly more problematic. Figure 9.10
shows the geometry of a cupmanufacturedbydeep-
drawing with indication of a measuring point on
the outside of the radius in the area of the cup base
on the outside of the cup.

Figure 9.10Geometry of a deep-drawn cup (cut
open for illustration purposes) with indication
of a measuring point for local X-ray residual
stress analyses.

The presentation of the results in figure 9.11 clearly
shows that at the measurement location shown
in figure 9.10, where relatively high plastic defor-
mations occur, strong non-linearities in the 2θ vs.
sin2 ψ-distribution were observed. One reason for
these distribution oscillations can be seen in the
crystallographic textures.

For the further evaluation of these distributions,
special methods for considering the crystallo-
graphic texture (crystallite groupmethod [6], stress
factors Fij [7]) are proposed in the relevant litera-
ture. The applicability of these methods was exam-
ined in detail for the present material condition of

the duplex sheet in the sub-project described here.
According to the present texture characteristics, the
measurement and evaluation approach according
to the literature using the stress factors Fij should
preferably be used. The fundamental investigations
mentioned were carried out for the duplex stainless
steel by means of defined in situ load stress analy-
ses both in the laboratory using laboratory X-ray
sources and using high-energy synchrotron X-rays
at Petra III at DESY (Hamburg). In the following,
selected results ofmeasurements are presented as an
example, which were carried out on the beamline
P07B@Petra III at DESY (Deutsches Elektronen
Synchrotron = German Electron Synchrotron) in
transmission geometry using monochromatic syn-
chrotron X-ray radiation with photon energies of
87.5 keV.

Figure 9.12 b shows the basic setup used at the
DESY measurement campaign. The uniaxial ten-
sile loading up to a total elongation of about 12%
was carried out using a specially adapted 10 kN
miniature tensile/compression apparatus. Com-
plete diffraction rings of both phases were recorded
using a 2D flat panel detector. During the evalu-
ation, these rings were integrated in sections. Fig-
ure 9.12 a shows an example of the diffraction rings
resulting from this integration for the angle η =
90◦ over a circular segment of about 10◦, i.e., for
the direction of stress. The different {hkl} - diffrac-
tion lines of the two phases ferrite and austenite are
marked in the illustration.

For the direction of loading (η = 90◦), transverse
to the direction of loading (η = 0◦) and at an angle
of 45◦ to the direction of loading (η = 90◦), the
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Figure 9.11 Results of the local X-ray residual stress analyzes on the deep-drawn cup made of duplex
stainless steel X2CrNiN23-4 using the sin2 ψ method at the measurement position from figure 9.2
for the phase-specific measurements on the immediate sample surface for the components in the
circumferential direction.

Figure 9.12 Setup of the in situ diffraction experiment under uniaxial tensile loading at the beamline
P07B@Petra III at DESY (Deutsches Elektronen Synchrotron) (b) and diffractogram after segment-
by-segment integration of the diffraction rings over a ring segment of 10◦ in the direction of stress
(η = 90◦) (a).

line positions calculated from the diffractograms
for the individual {hkl}-diffraction lines as an exam-
ple for the austenite phase in figure 9.13 and for the
ferrite phase in figure 9.14 plotted directly over the
stress (total strain). In addition to the experimental
data, calculated curves are entered, which can be
expected taking into account the texture (ODF) on

the basis of the stress factorsFij . The curves shown
in figure 9.13 and figure 9.14 show that, as expected,
the stress factors are very well suited to describing
the courses in the purely elastic stress range.

With the onset of plastic deformation, depending
on the {hkl} diffraction line, both phases are partly
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Figure 9.13 Lattice strain determined from the line positions of the diffraction lines (reference =
initial state) plotted against the load stress for the two phases ferrite and austenite of the duplex
stainless steel X2CrNiN23-4 in three different sample orientations.

Figure 9.14 Lattice strain determined from the line positions of the diffraction lines (reference =
initial state) plotted against the load stress for the two phases ferrite and ferrite of the duplex stainless
steel X2CrNiN23-4 in three different sample orientations.

strongly deviating from the approximately linear
distribution from the purely elastic range. The rea-
son for this strong non-linearity, which cannot usu-
ally be describedwith the stress factors, is that in the
plastic range (above the yield pointReS) additional
intergranular strains occur (plastic anisotropies),
which are additively superimposed on the effects
of elastic anisotropy. Conversely, this means that
for the material condition of the duplex steel exam-
ined here, a residual stress evaluation for an elastic-

plastically stressed condition can sometimes only
be carried out reliably if the extent of this plastic
anisotropy is known. As the presentation of the
results in figure 9.13 and figure 9.14 shows, this is
of course strongly dependent on the observed hkl
diffraction line of the two phases.

For the relatively small diffraction angle 2θ, the
diffraction rings can also be evaluated in such a
way that the line positions from the segment-by-

DFG Priority Program 2013



156 | Targeted Introduction of Residual Stresses via Local Embossing of . . .

Figure 9.15 Course of the lattice plane spacing over sin2 ψ for the two phases, ferrite (top row) and
austenite (bottom row), for the unloaded state of the duplex stainless steel X2CrNiN23-4 after a
previous stress up to total strains of 12%. For better comparability, the lattice spacings were converted
to {100} lattice planes

segment integration are also applied directly to the
square of the sine of the orientation angle in the
plane of the sheet. In this way, dhkl vs. sin

2 ψ distri-
butions can be displayed over the entire orientation
range ψ, i.e.over the entire range 0 ≤ sin2 ψ ≤ 1,
and the resulting non-linearities in the distribu-
tions can be discussed. Figure 9.15 shows this repre-
sentation for selected hkl diffraction lines of both
phases for the unloaded state after a previous elastic-
plastic stress up to 12% total strain. The presen-
tation of the results, in which the lattice plane dis-
tances for the two cubic phases were converted into
the {100} lattice planes for better comparability,
clearly shows that the {hkl} lattice planes are in-
fluenced to different extents by the intergranular
strains. For the body-centered cubic (bcc) ferrite
phase, it is confirmed that the {211} lattice plane,
which is often used for RS analyses, deviates only
slightly from the ideal linear distribution. For ex-
ample, for the face-centered cubic austenite phase,
the lattice plane recommended for residual stress
analyzes is the {311} plane. Due to the diffraction
structure in the laboratory, measurements are often
taken at the {220} lattice planes. In both cases it
is shown that despite the relatively weak crystallo-
graphic texture in the austenite phase, both lattice
planes sometimes result in very large errors if one

tries to approximate the measurement data with a
linear distribution. This is also reinforced by the
fact that the tilt angle range in laboratory setups
is severely limited when using mobile diffractome-
ters, sometimes only up to tilt angles of just 45◦

(corresponds to sin2 ψ = 0.5). In these cases, the
existing non-linearity in the sin2 ψ - distribution
may not even be recognized and incorrect RS are
sometimes calculated as a result of the crystallo-
graphic texture and the additional occurrence of
intergranular strains.

Based on the very extensive datasets from the in
situ synchrotron diffraction analyses during the de-
fined uniaxial tensile stress up to the elastic-plastic
range (up to total strains of 12%) for a large num-
ber of lattice plane families {hkl}, detailed knowl-
edge about the direction-dependent, phase-specific
hardening behavior and the development of the
crystallographic texture obtained. These results
are important for the understanding of materials
but also for the optimization of material models in
technical mechanics. In particular, these test data
offer the possibility of applying the complex ap-
proach for calculating harmonic strain and stress
functions, which also enables a reliable ES analysis
for highly plastically deformed, textured material
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states [8]. This is the subject of ongoing work in
the sub-project presented here.

9.6 Theoretical Framework for the
Simulation of Phase-specific
Residual Stresses

For accurate simulation of material properties,
which depend on RS, the influence of RS on the
macro- and microscale needs to be taken into ac-
count. Numerical simulations of a fully resolved
microstructures (full-field simulations) are not fea-
sible on the part scale with current finite element
methods. Therefore, a multiscale approach is used.
RS of first kind are characterized on the part scale
via FEM simulations using ABAQUS/Standard.
These simulationsmake use of an integration-point
material model which takes into account the phase
interaction in the duplex steel leading to RS of sec-
ond kind throughmicromechanical relations. Each
of the two phases is treated as a homogenized poly-
crystalmodel forwhich the influence ofRS of third
kind has been investigated through separate full-
field simulations. Because only respective mean
stresses and strains of each polycrystalline phase are
taken into account, the model can be considered a
mean-field model (MFM) with two separate scale
transitions.

In the first scale transition, local quantities φ(x)
in the polycrystals, e.g., Cauchy stress or strain, are
averaged within each phase ξ with corresponding
volume Vξ by

φξ = 〈φ(x)〉ξ =
1

Vξ

∫
Vξ

φ(x)dV.

(Equation 9.1)
Each polycrystalline phase is then modeled elasti-
cally using an anisotropic Hooke’s law

σξ = Cξ

[
εξ − εpξ

]
, (Equation 9.2)

where the phase stiffness Cξ and the phase plas-
tic strain εpξ are not simple averages due to the
heterogeneous orientation distribution in each
phase. The viscoplastic behavior is specified with

an anisotropic dissipation potential

Φξ =
ε̇p0ξσ

F
ξ

mξ + 1

⎛
⎝
√

3
2
σξ ·Hξ[σξ]

σF
ξ

⎞
⎠

mξ+1

,

(Equation 9.3)
where flow stressesσF

ξ , stress exponentsmξ and the
reference strain rates ε̇p0ξ are introduced as material
parameters.

The flow stress σF
ξ is modeled by phenomenologi-

cal approaches based on phase-specific equivalent
strain measures

εeqξ =

∫ t

0

∥∥ε̇pξ (τ)∥∥ dτ. (Equation 9.4)

A common approach for the flow stress is the Voce-
type hardening approach

σF
ξ =σF0

ξ +Θ∞
ξ εeqξ + (σF∞

ξ − σF0
ξ )

×
(
1− exp

(
−(Θ0

ξ −Θ∞
ξ )εeqξ

σF∞
ξ − σF0

ξ

))
,

(Equation 9.5)
where the initial yield stress σF0

ξ , the saturation
stress σF∞

ξ , the initial hardening modulusΘ0
ξ ¸ and

the saturation hardening modulus Θ∞
ξ are intro-

duced as material parameters. For monotonic load-
ing processes, it can be shown that a direct connec-
tion exists between the Voce-type hardening and
the dislocation-density-based Taylor formulation
of hardening [9] with a Kocks-Mecking evolution
law for the dislocation density [10], see, e.g., Bayer-
schen [11].

Both the anisotropic stiffness tensor and theMises-
Hill comparison stress are influenced by the texture
of the polycrystal. Homogenizing the polycrystal
using the geometric mean according to Matthies et
al. [12] leads to

Cξ = C
iso
ξ + ζξVξ (Equation 9.6)

where the isotropic stiffness C
iso
ξ and the

anisotropy factor ζξ depend on single crystal
elastic parameters, and the fourth-order texture
coefficient Vξ is related to the experimentally
characterized orientation distribution function

DFG Priority Program 2013



158 | Targeted Introduction of Residual Stresses via Local Embossing of . . .

fξ(Q) via

Vξ =

√
30

30

(
I ⊗ I + 2I

− 5

∫
SO(3)

fξ(Q)D(Q)dQ

)
.

(Equation 9.7)
Based on the representation theory argument by
Man andHuang [13], the Hill tensorHξ is given by
Böhlke et al. [14] as

Hξ = P2 + ηξVξ. (Equation 9.8)

The plastic anisotropy parameter ηξ can be ob-
tained by an optimization problem based on the
experimentally characterized macroscopic plastic
anisotropy, as shown in Simon et al. [4].

All other parameters are available from uniaxial ten-
sion experiments. For two-phase steels, phase-wise
stresses need to be measured in situ, e.g., by using
diffraction methodology, also shown by Simon et
al. [4].

In the second scale transition, two separate poly-
crystal models for austenite and ferrite are further
homogenized to yield the duplex steel model de-
scribed by Hofinger et al. [15]. Phase-dependent
quantities φξ are homogenized to macroscopically
effective quantities φ̄. Those quantities which are
homogenized via simple averages can be expressed
as a weighted sum

φ̄ = 〈φ(x)〉 = 1

V

∫
VRVE

φ(x)dV =
∑
ξ

cξφξ

(Equation 9.9)
by the use of the phase volume fractions
cξ = Vξ/VRVE of a representative volume element
(RVE) with volume VRVE.

In deep-drawing simulations, the deformation of
a material body B ∈ R

3 must be considered un-
der the assumption of large deformations. Based
on the deformation gradientF , an incrementally
objective macroscopic strain incrementΔε̄ is con-
structed using a midpoint integration rule

Δε̄ = sym
(
2
(
F n+1 − F n

) (
F n+1 + F n

)−1
)

(Equation 9.10)

see Miehe et al. [16]. The strain increment is as-
sumed to be additively decomposed into an elastic
strain incrementΔε̄e and a plastic strain increment
Δε̄e, i.e.,Δε̄ = Δε̄e +Δε̄p. On the macroscopic
scale of theRVE a purely energetic effectiveCauchy
stress increment σ̄ is assumed, which results in the
incremental Hooke law on the macroscale

Δσ̄ = C̄ [Δε̄−Δε̄p] , (Equation 9.11)

with macroscopic fourth-order stiffness tensor C̄.
The localization relations

Δεξ = Aξ[Δε̄]−Δaξ,

Δσξ = Bξ[Δσ̄]−Δbξ,
(Equation 9.12)

introduces for each phase ξ the strain localization
tensorAξ and the stress localization tensorBξ, as
well as the corresponding fluctuation field incre-
ments Δaξ and Δbξ. As shown in Hofinger et
al. [15], for a two-phase material, explicit expres-
sions of the localization tensors and fluctuation
fields can be constructed based on theMandel-Hill
lemma

〈σ〉 · 〈ε〉 = 〈σ · ε〉. (Equation 9.13)

This two-scale approach requires the assumption
that an anisotropically homogenized polycrystal
model satisfactorily represents the behavior of the
polycrystal without explicitly modeling RS of third
kind. Krause and Böhlke [17] validate this assump-
tion for duplex steels using the Maximum-Entropy
Method (MEM), an analytical approximation of lo-
cal stress distributions basedonhomogenizedquan-
tities due to Kreher and Pompe [18]. The MEM
considers one-point probability distributions of
stress, strain and material properties without an
explicit representation of any microstructure. By
maximizing the information-theoretic entropy

S = −
∫∫

p(C, ε) ln p(C, ε)dCdε,

(Equation 9.14)
a joint probability distribution of material proper-
ties and local strains p(C, ε) is retrieved, see Krause
and Böhlke [19], which is parametrized by phase
properties, effective properties and effective stresses.
Applied to the elastoplastically deformed austen-
ite steel, the MEM allows for an approximation of
residual stresses of third kind based on mean fields,
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which supports modeling the present material sys-
tem using homogenized polycrystal phases. These
results were quantitatively validated using full-field
simulations of the duplex microstructure based on
the fast-Fourier-transform approach as outlined by
Wicht et al. [20].

9.7 Validation of the Simulation
Strategy

In Maassen et al. [21] the presented MFM is ap-
plied to the finite element simulation of a four-
point bending test under the assumption of plas-
tic isotropy. The resulting distribution of phase-
specific stresses over the height of the bendingbeam
is compared to results obtained by a Taylor approx-
imation for the localization of the macroscopic
strains onto the individual phases. Both simulation
strategies are validated with experimental results.

Figure 9.16 shows the comparison betweenMFM
and experimental results. The phase-specific
Cauchy stress component in the longitudinal direc-
tion of the beam, evaluated in the region of highest
bending stress in the fully loaded state, is plotted
over the height of the bending beam.
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Figure 9.16Distribution of phase-specific stress
over the height of the bending beam. The simu-
lation results of theMFMare shown in compari-
son to the experimental data obtained by means
of neutron diffraction analysis [21].

Qualitatively the numerical results align with the
experimental data, however, a deviation in magni-
tude can be observed. The experimental data shows
a non-symmetry over the cross section height and
an additional shift of the zero crossing for the fer-
rite phase. This non-symmetry is explained by the
phase-specific texture analysis. Here, in particular
for the ferrite phase, a significantly heterogeneous
distribution of the phase-specific crystallographic
texture was observed over the bending height, see
Maassen et al. [21]. In the numerical model, how-
ever, a homogeneous crystallographic texture is as-
sumed. This results in a symmetric stress distri-
bution over the bending height and consequently
leads to deviations in comparison to the experimen-
tal results.

In Simon et al. [22] the simplifiedMFM based on
the assumption of a vanishing plastic anisotropy is
applied on the component level of a deep drawing
process. In addition to the incremental hole drilling
method to determine the effective RS state, X-ray
diffraction was used to experimentally determine
phase-specific RS.

In a first simulation step the effective material be-
havior was simulated based on tensile test data us-
ing Hill’s anisotropic material behavior. The effec-
tive RS state obtained in this first simulation step
was found to agree well with the effective RS de-
termined experimentally via the incremental hole
drilling method. In a second simulation step the
effective stress-strain state of three measurement
points was transferred to theMFM for the determi-
nation of the phase-specific RS. The correspond-
ing material behavior of the individual phases was
characterized based on literature values. Due to
the weak crystallographic texture of the plate in the
initial state, the simulation strategy for isotropic
materials was applied, i.e., the crystallographic tex-
ture and its evolution during the forming process
was disregarded. Texture development, however,
was observed experimentally by comparing the ori-
entation distribution function of the grains before
and after forming. This inevitably leads to a discrep-
ancy of the simulation results, especially at points
with a strong plastic deformation.
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A second study of RS in deep-drawn cups was per-
formed in Simon et al. [23]. Hereby, in contrast to
the two-step simulation approach of the previous
study, the MFM is applied for the numerical effi-
cient prediction of the effective and phase-specific
RS at every integration point of the entire compo-
nent. In figure 9.17 the simulated distribution of
RS at half-cup height are shown in comparison to
experimentally determinedRS byX-ray diffraction.
Although calculation and measurement at the out-
side wall are in very good agreement, the RS state
at the inside wall is overestimated in the simulation.
Nevertheless, the study shows that despite the in-
creased numerical effort of a component-level simu-
lation, the efficient two-scale simulation approach
of theMFMmakes the qualitative and quantitative
prediction of phase-specific RS feasible.

Figure 9.17Comparison of phase-specific resid-
ual stress distribution in drawing direction at
the cups wall obtained byMFM and XRD [23].

Experimental studies of the deep drawing processes
showed that the crystallographic texture and its evo-
lution with plastic deformation are important for
the prediction ofmicromechanical RS. In Simon et
al. [4] the anisotropic phase-specific strain harden-
ing behavior of cold rolled duplex stainless steel
sheets of type X2CrNiN23-4 is investigated. Uni-
axially loaded tensile tests are performed on speci-
mens with a varied orientation toward the rolling
direction of the sheet metal. The development of
phase-specific RS is analyzed experimentally via
X-ray diffraction and compared to simulation re-
sults obtained by theMFM. In figure 9.18 the evalu-

ated phase-specific stress in the ferrite and austenite
phase is shown for a varying specimen orientation.
Thepredicted loadpartitioningof theMFMis in ac-
cordance with the experimental results for all three
loading directions.

9.8 Summary and Conclusions

The research project has yielded a comprehensive
strategy for introducing RS in sheet metal materi-
als through localized forming operations, achieved
by employing precise embossings. The experimen-
tal material of choice, lean duplex stainless steel
X2CrNiN-23-4, has successfully demonstrated the
achievement of uniformly distributed compressive
RS within the component’s surface region. Cus-
tomized stamping tools have facilitated multiple
embossing indentations on various formed sheet
structures, resulting in stable RS characteristics
even under cyclic loading conditions. To reliably
predict phase-specific RS formation, a two-scale
simulation model utilizing an efficient Mean-Field
approach has been developed. By comparing lo-
cally determinedmacroscopicRS distributions and
phase-specific measurements, the validity of the
model has been established for lean-duplex steel.
Several important considerations have emerged
from the project, shaping future investigations.
Firstly, the influence of phase-specific local texture,
previously overlooked in simulations and exper-
iments, must be taken into account to compre-
hensively understand RS behavior. Process design
and tool concepts should prioritize a combined ap-
proach that integrates sheet metal forming and lo-
calized indentation techniques. Two strategies war-
rant further investigation: deep drawing followed
by stamping deformation, and sheet-holder-free
forming employing a specially designed stamping
tool. Additionally, extending the project’s findings
to complex component profiles beyond flat sheet
metal is crucial for a more realistic representation
of RS phenomena. Furthermore, an integrated
process encompassing forming, stamping, and re-
forming has been developed to achieve a homoge-
neous RS state in simplified sheet metal geometries.
Cyclic loading tests have demonstrated the stabil-
ity of RS and improvements in cyclic load-bearing
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Figure 9.18 Evolution of the phase-specific loading stress for uniaxial loading in rolling direction
(left), 45◦ direction (center) and transverse direction (right) [4].

capacity. The transferability of this process to du-
plex steel, along with the refinement of evaluation
methodologies for textured duplex steel, is being
pursued. Notably, simulation methods have been
devised to predict RS at various scales, consider-
ing crystallographic texture and plastic anisotropy.
However, accurately simulating and analyzing RS
phenomena pose challenges due to deformation-
driven texture evolution.

Shifting the focus to the design process, the infor-
mation provided describes the development of a
tool used in the manufacturing of support plates
for battery housings in electric vehicles. The design
process commences with a thorough load analy-
sis to identify critical areas within the component.
Subsequently, RS analysis is conducted to deter-
mine the optimal location for introducing compres-
sion RS through the embossing technique. The
tool design encompasses the definition of three dis-
tinct working surfaces dedicated to bending, em-
bossing, and reforming operations. To account for
springback, the bending operation is simulated us-
ing software, enabling compensation for this phe-
nomenon. The obtained results are then utilized to
design the remaining die surfaces. Through simula-
tion, it is determined that the critical area requires
the implementation of 35 embossings covering a
surface region of approximately 250mm. Accord-
ingly, the embossing die is designed to penetrate the
component by 100 μm. As the RS resulting from
the embossing process are unevenly distributed, a
reforming operation is introduced to homogenize
the RS on the embossing surface. The tool con-

cept is designed to accommodate the prescribed se-
quence of operations, necessitating the utilization
of different inserts for each distinct operation. Sub-
sequently, the tool is manufactured with the appro-
priate inserts to facilitate bending, embossing, and
reforming procedures. The manufactured compo-
nents are subsequently subjected to experimental
verification to validate the simulation results and
evaluate fatigue strength. The design process of the
tool encompasses component analysis, simulation
of operations, design of tool working surfaces, and
manufacturing of the tool for subsequent experi-
mental testing and verification.

Systematic X-ray diffraction studies on texture and
texture evolution, on load partitioning behavior
and onRS development in duplex stainless steels in-
dicated that for the duplex steel sheet metals phase-
specific crystallographic textures were determined,
which leads to rather strong non-linearities in the
2θ vs. sin2 ψ-distribution in both phases, i.e., in
the ferrite and the austenite phase. Furthermore, it
was shown that common approaches to account for
elastic anisotropy as, e.g., the usage of stress factors
is not sufficient to explain and describe these non-
linearities. Instead plastic anisotropy effects caused
by so-called intergranular strains significantly con-
tribute to these non-linearities once the onset of
plastic deformation is exceeded. The investiga-
tions showed that this must be taken into account
for evaluation of the results of X-ray diffraction
stress analysis also for {hkl} lattice planes, which
are expected for being not strongly affected by this
means.
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Regarding simulations, a state-of-the-art approach
is to model duplex steel as a single macroscopic
phase with empirically determined material prop-
erties. Through XRDmethods, phase-specific RS
are experimentally accessible, which makes it neces-
sary to simulate phase-specific RS as well. To that
end, a model was derived and implemented, which
uses micromechanical relations to explicitly local-
ize phase-wise incrementally small stress and strain
increments. The exact micromechanical relations
for stress and strain localization used for the two
phases can be tailored to a given homogenization
method. Each phase is modeled as an anisotropic
viscoelastoplastic material model motivated via ho-
mogenization of polycrystalline crystal plasticity
on the microscale. By taking into account both
elastic and plastic anisotropies in terms of texture
tensors, the influence of texture on the material
behavior can be captured. As stresses and strains
for both phases are fully available, the single-phase
material can be arbitrarily complex, including ad-
ditional refinements in terms of texture evolution
descriptions. All necessary material parameters are
experimentally accessible through tensile tests with
in situ X-ray diffractionmeasurements. Additional
tensile tests with varying loading directions relative
to the sheet rolling direction were used to validate
the anisotropy of the stress-strain relationship.

In conclusion, this research project contributes to
understanding RS induction and distribution in
sheet metal materials. The findings underscore the
importance of incorporating phase-specific local
textures, exploring combined process design ap-
proaches, and extending investigations to complex
component profiles. Theultimate aim is to advance
manufacturing processes by improving the control
and management of RS.
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10 Experimental Characterization and Numerical Analysis
of Increasing Fatigue Strength by Residual Stresses for
Cross-rolled Parts
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Schneider,T.; Kalina, M; Kühne, D.

GEPRIS 374767659

10.1 Motivation and Objective

In line with the focus of the priority program, this
project aimed to advance the targeted use of the
strength-increasing effect of residual stresses. In
addition to experimental characterization, numeri-
cal methods for qualitative prediction of the influ-
ence ofmaterial and process control on the induced
residual stresses and their effect on crack initiation
and propagation under cyclic loading have been
developed as a main priority.

Starting with the forming process, process param-
eters and resulting residual stress distributions in
the components are discussed and analyzed using
FE-analysis. Experimental investigations regarding
the residual stress level and triaxiality of the compo-
nents as well as their fatigue properties will be pre-
sented and analyzed. The developed fatiguemodels
are briefly described and utilized to show how resid-
ual stress affects fatigue life through comparison of
the experimental findings with numerical simula-
tions.

10.2 The Cross-rolling Process

The process investigated in this project is an in-
novative cross-rolling process that combines the
flexibility of incremental bulk forming with the
ability to combine different materials into hybrid
assembled drive shafts using a joining-by-forming
process. In many cases the required properties for
the shaft itself and the mounted components differ

Figure 10.1 Schematic of the rolling process a)
[1] and joint part with steel shaft and copper hub
b) joined by rolling process [2].

greatly. Therefore, a hybrid build for these shafts
and axles is desirable. The hybrid shaft-hub combi-
nation displayed in figure 10.1 b) is manufactured
using a modified cold cross-rolling process. The
cold rolling process positively influences fatigue
life of the shaft component by inducing compres-
sive residual stresses and surface strain hardening
while reducing surface roughness and creating a
combined form and interference-fit with the hub.
In the center of this research project is the analysis
and prediction of the influence of residual stresses
on the fatigue life of such components under dif-
ferent loading types.

10.2.1 Process Kinematic and Parameters

This modified cross-rolling process variant is char-
acterized by an incremental kinematic forming of
the geometry that is highly flexible and can be used
to join various material combinations. Here, two
symmetrically positioned pairs of actively driven
work rolls are used in a transverse rolling process,
see figure 10.1 a). Both sets of work rolls can travel
in the axial as well as the radial direction. These
symmetric kinematics are used to control the mate-
rial flow in the axial and radial directionwithout an

DFG Priority Program 2013



Experimental Characterization and Numerical Analysis of Increasing . . . | 165

Figure 10.2 a) Different work roll paths with
linear, progressive and degressivemovement and
b) detail of work roll geometry [3].

additional clamping device for the workpiece. The
workpiece itself is not actively driven. The rotation
is introduced via friction forces in the contact area
between the work rolls and rod. The radial move-
ment of the work rolls pushes them into the work-
piece, creating a circumferential notch. The syn-
chronized axial movement then forms the material
toward the joining partner, creating two material
shoulders that keep the drive wheel for example in
place, see figure 10.1 b). Due to the process kinemat-
ics, the formation of a circumferential indentation
is unavoidable and even necessary for the joining
process.

The rolling path of the work roll pairs, as a com-
bination of their radial and axial movement, can
be varied from strong degressive to strong progres-
sive, thereby changing the material flow during the
rolling process, see figure 10.2 a), and consequently
the resulting strains and stresses in the workpiece.
The variation of this rolling path is used within this
project in order to selectively influence the result-
ing residual stress profiles and resulting expected
fatigue life.

The cold rolling process carried out on the Profiroll
2-PR-15e shoulder rolling machine has a number of
process parameters that can be used to influence the
final result and the material flow during rolling, see
table 10.1. These parameters mostly affect process
stability and overall achievable surface quality.

Additionally, the rolling process can be adapted to
different shaft diameters or hub widths within the
parameter range of the shoulder rolling machine.
More importantly, the work roll paths can be var-

Table 10.1 Range of rolling process parameters

Rotational speed of
work rolls

Res. rotational speed
of workpiece

20− 80 rpm 300− 1300 rpm

Process time Calibration time

2− 10 s 0− 5 s

ied, see figure 10.2 a), so that the material flow and
consequently the resulting residual stress state can
be altered. This is important for the joining process,
because it directly influences the resulting interfa-
cial stresses in the interference-fit and also the resid-
ual stress distribution in the notch area, as shown
in [2]. The progressive work roll path finishes with
a dominantly radial movement toward the work-
piece axis, while the degressivework roll pathmoves
mainly in axial direction toward a possible joining
partner in the last stages of the process.

10.2.2 Material Selection

The obvious disadvantage of this joining by form-
ing process is the resulting circumferential notch
in the shaft of the component that is inherent to
the process kinematic. Small improvements are
conceivable by modification of the work roll ge-
ometry (figure 10.2 b), but the general challenge
remains. This notch is especially relevant for high
cycle fatigue strength, because its effect cannot be
compensated by substituting a higher-strength ma-
terial, since the notch factor has much greater influ-
ence on the achievable fatigue life than does the
chosen material [4]. Considering the relatively
high notch factor of aboutKt = 3.6 in the cur-
rent work-roll set-up, little improvement can be
expected by substituting the shaft material. Addi-
tionally, high strength steels have a higher mean
stress and residual stress sensitivity [5]. Conversely,
however, a larger increase of endurable stress ampli-
tude than formild steels can be observed in the pres-
ence of compressive mean stresses [4]. Therefore,
a 42CrMo4 steel was chosen as the main material
for this project, because it exhibits a high level of
strain hardening during cold forming. In combina-
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tionwith the cold rolling process, that induces high
compressive residual stresses in the critical notch
area, the notch effect can be significantly reduced.
As an additional benefit, residual stresses should be
more stable due to the high yield strength of thema-
terial. Therefore, higher loads can be sustained for
more cycles by lowering the effective mean stress in
the notch with this selected process-material com-
bination.

10.3 Joining Mechanism and
Achievable Joint Strength

The design of the process for a joint component
follows two steps. First, the planned loading con-
ditions and life cycles of the component have to
be transferred into a geometric design, consider-
ing aspects such as material combinations and re-
spective yield strength and Young’s modulus. A
guideline for interference-fit dimensioning of shaft
hub joints can be found in DIN 7190. Secondly,
the process parameters of the rolling process itself
have to be determined depending on the required
interfacial pressure and geometric form-fit.

The joint strength of the component is the result
of a combination of force- and form-fit. The main
focus here will be on the force-fitmechanism of the
joint, because it is the more relevant component
regarding torque transmission. Coulomb’s fric-
tion law determines the maximum joint strength
for such a joint, as discussed by [6]. This means
the friction coefficient between joining partners,
the area of the joining zone and the interference
pressure in the contact area can be used to estimate
the transmissible torque. This applies to all force-
fit joints regardless of the chosen joining process.
Therefore, conventional and well established de-
sign and dimensioning methods can be applies to
this novel joining process.

For a shaft-hub connection, the diameter of the
shaft and the width of the joined hub or gear geo-
metrically determine the contact area. The friction
coefficient ismainly influencedby thematerial com-
bination and surface roughness of the components.
The third determining factor in Coulomb’s law –

the interference pressure in the joining zone – is the
link to the specific processes used to manufacture
the joint. Each process results in a characteristic
stress distribution in the joining zone. In reality,
the interference pressure is typically not uniform
over the entire contact area anddepends on the join-
ing process. For the rolling process presented here,
the stress distribution in the joining zone is influ-
enced by process parameters such as the geometry
of the work rolls, the chosen work roll paths (fig-
ure 10.2), the material combination and rotational
speed during rolling. Regarding possible material
combinations, the limiting factor for the formation
of strong force-fit is the relative yield strength of the
inner and outer joining partner. Ideally, as demon-
strated by [7], the outer joining partner should have
a higher yield strength than the inner shaft material
so that the deformation remains fully elastic and a
high clamping force can be generated after joining.
A high Young’s modulus increases the interfacial
pressure in the joining zone thereby increasing the
load bearing capacity.

10.4 Process Simulation

Numerical process simulations in this project were
used for two different purposes. In the first and
second project phase, the main focus was on the
analysis of residual stress profiles in the character-
istic circumferential notch. Here, different rolling
paths were numerically compared with regards to
resulting residual stress profiles. In the third project
phase, the focus shifted to the application of the
rolling process for a joining by forming. Therefore,
it was analyzed numerically focusing on the stress
distribution in the joint area that determines the
interference fit.

10.4.1 Material Characterization and
Model

For the material formulation, a linear piecewise
approximation of the flow curve in combination
with an isotropic hardening behavior was used for
plasticity. This simplified material formulation is
sufficient as shown by tensile-compression tests
carried out on the 42CrMo4 (1.7225) used for the
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Figure 10.3 Material characterization of
42CrMo4 (1.7225) with a) results of tensile-
compression tests and b) results of compression
tests including extrapolation according to
Hocket-Sherby and Ghosh according to [1].

shaft. The material exhibits a slight reduction of
yield stress after pre-strain in tensile direction dur-
ing the transition from elastic to plastic deforma-
tion. However, this effect quickly dissipates, and
the stress-strain curves fall on the same trajectory
again, see figure 10.3 a). Therefore, the Bauschinger
effect can be ignored. The flow curve for 42CrMo4
(1.7225) was acquired via compression tests up to
ϕ = 0.5 and extrapolation using a Hocket-Sherby
flow curve approximation [8], see figure 10.3 b). An
extrapolation according to Ghosh was also consid-
ered, but results have shown an overestimation of
residual stresses [1]. This is especially relevant for
the analysis of the joint, because the interference
force of the force-fit is the direct result of residual
stresses in both parts of the joint component. The
joining partner (hub) was modeled as a generic elas-
tic material with a Young’s modulus of 210GPa,
which is a typical value for common steels.

10.4.2 Simplified FE-model

For both analyses, the cross-rolling process was
simulated with a simplified 21

2
-D model using LS-

Dyna R11.1.0 with an implicit solver. Two symme-
try boundary conditions are applied. Firstly, the
rotational axis of the shaft is used for rotational
symmetry, meaning process is modeled as a circum-
ferential indentation of the shaft. The point-wise
loading of the material, as it is the case in reality,
is disregarded. Secondly, an additional symmetry
plane is placed in the middle of the hub and shaft
in axial direction. For the material formulation, a
linear piecewise approximation of the flow curve in
combination with an isotropic hardening behavior
was used for plasticity.

A fine mesh with an element size of 0.05mm is
used in combination with remeshing triggered at
fixed intervals to avoid large distortions of the ele-
ments in the forming zone. The strain in this pro-
cess is very localized at the nose of work roll, see fig-
ure 10.2 b), that has a radius of only 0.3mm leading
to localized very high degrees of strain. This sim-
plified approach is significantly faster than a full
3D model that has a runtime of several days on
the TUDresden High Performance Cluster and is,
therefore, better suited to vary parameters during
process analysis.

As a result, there may be deviations compared to
the actual forming, especially regarding the exact ge-
ometric component shape. However, the relevant
influences on the residual stress distribution in the
notch base can be qualitatively and in the order
of magnitude qualitatively analyzed. The overall
stress state considered in this approach differs from
the stress state of a 3Dmodel, but the actual form-
ing zone is very small in relation to the workpiece.
Only in this zone, the yield stress is reached both
in reality and in a full 3D model. The surround-
ing material, on the other hand, behaves elastically,
i.e., comparably with a very stiff support. This re-
sults in a stress state in the circumferential direction
which is very similar to the stress state in the axisym-
metric model used here. The principal stresses in
the radial and tangential direction in the 21

2
-D sim-

ulation are directly interdependent. In the axial
direction, both models behave equally stiff, there-
fore the stress states are similar. In contrast, the
overall stress distribution shows deviations which,
however, have no negative influence on the notch-
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relevant local residual stress profiles due to the very
localized forming zone.

10.5 Residual Stress Analysis

The results of the simulations with progressive and
degressive rolling paths indicate that the notch ge-
ometry is formed slightly differently, resulting in a
notch factor ofKt = 2.7 for the degressive path
andKt = 3.2 for the progressive path according
to Neuber. This difference is important for the
subsequent simulation of the expected service life
using the local strain approach, see section 10.7.1.
On real components, the difference in notch geom-
etry between the different rolling paths is so small
that it cannot be detected by optical measurement
using 3D scans. The deviation in the simulation re-
sults is likely due to the simplifications made with
regard to rotational symmetry in the model, see
section 10.4.2. The residual stress results of the
simulation are used for qualitative comparison be-
tween the different rolling paths while the absolute
level should only be considered as a comparative
parameter. The residual stress profiles are analyzed
as a combination of the vonMises equivalent stress
and the triaxiality distribution, as this allows the
prevailing three-dimensional stress state to be eval-
uated.

The maximum level of residual stress of about
1,150MPa is higher than the initial yield stress of
the material. The forming zones at the notch base,
where the peak stresses are present, however, show
a very high degree of deformation up to ϕ = 4
which explains the higher local yield stress of about
1,300MPa, see figure 10.3 b). The highest compar-
ative residual stresses are obtained directly in the
notch base just below the workpiece surface, see
detailed views figure 10.4 a) and b). The evaluation
of the respective triaxiality in these areas indicates
compressive residual stresses, which means that a
positive influence on the fatigue strength can be ex-
pected. The scale for triaxiality is chosen so that ten-
sile residual stresses are shown in red and areas with
more pronounced compressive residual stresses are
shown in blue.

The notch base is the critical zone regarding crack
formation. Here, high compressive residual stresses
should lead to a significant improvement in service
life. In the contact area between shaft and hub, a
zone of predominant compressive residual stresses
is formed on the shaft side, as indicated by the blue
zone of triaxiality. This is the driving influence for
the frictional connection to the hub. However,
this zone of compressive residual stress narrows
toward the center of the hub, corresponding to
a drop in the joint pressure, see circular markings
A in figure 10.4 a) and B in figure 10.4 b). This area,
therefore, has a lower contribution to the trans-
mission of forces and moments by the joint. The
evaluation of the process with hollow tube shaft,
see figure 10.4 c) and d), shows a similar residual
stress profile. However, the stress peaks in the area
of the notch are less pronounced, while compres-
sive residual stresses continue to dominate in the
progressive rolling path. In the case of the degres-
sive rolling path, on the other hand, a tensile stress
state tends to dominate in the notch base. Accord-
ing to current research, this is rather unfavorable
for the service life of components. For the manu-
facture of joined shaft-hub connections, there is
therefore a possible conflict of objectives between
an advantageous rolling path with regard to the
joining process and a rolling path which leads to
an advantageous residual stress distribution in the
shaft. Particularly interesting in terms of the join-
ing process are the joining zones C in figure 10.4 c)
and D in figure 10.4 d). Here, when joining with a
tubular shaft, a more uniform stress distribution is
formed across the width of the joining gap and the
zone of compressive residual stresses is wider and
extends into the center of the hub. This indicates
that more favorable joining properties can be set
when joining with a hollow tube shaft.

10.6 Experimental Validation

10.6.1 Residual Stress Measurements

The residual stresses of real components were mea-
sured using a Prism borehole measurement system
from Stresstech. This system determines the dis-
placements on the sample surface around the bore-
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Figure 10.4 Simulated equivalent stress profiles and triaxiality for the full shaft geometry (top) and
tube shaft (bottom) including the joining partner for a degressive and progressive rolling path. Figure
from [1].

hole by ESPI (Electronic Speckle Pattern Interfer-
ometry). A thin white spray film was applied for
sample preparation. Drilling was performed using
a 0.8mm drill bit in increments of 0.04mm to a
total depth of 0.4mm. Shown here are exemplary
measurements on a specimen rolled with a degres-
sive rolling path both with a full and tube profile.
The measuring points were distributed around the
circumference at the shoulder of the notch as close
to the base as technically possible.

There is a clear change compared to the initial mea-
sured residual stress profile on unrolled specimen
(not shown here) with tensile residual stresses be-
tween 0− 200MPa in both axial and radial direc-
tion. In the near-surface region, residual compres-
sive stresses of 600− 1000MPa are detected. This
is in good agreement with the results of the simula-
tions, see section 10.5. Quantitatively, direct com-
parability is not possible due to the simplifications
made to the model, as discussed in section 10.4.2.
However, the general level of residual stresses is
comparable with the results from the numerical
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Figure 10.5 Residual stress measurements in axial (red) and tangential direction (blue) for degressive
rolling path on full specimen (left) and tube specimen (right).

analyses. With increasing drilling depth, the resid-
ual stresses approach the initial state, indicating
that the influence of the rolling process is limited
in depth, which again underlines the very localized
forming zone of the process.

10.6.2 Experimental Fatigue Life Tests

The full shaft components underwent experimen-
tal fatigue tests using servohydraulic testing ma-
chines. Cyclic tests with the given specifications
were carried out at exemplary load horizons for
tensile and torsional loading, respectively. Progres-
sively and degressively rolled components were in-
vestigated. The results and specifications of the ex-
perimental fatigue characterizations are displayed
in figure 10.6. First, the progressively rolled compo-
nents show a higher fatigue strength than the de-
gressively rolled ones. This holds true for both, ten-
sile and torsional loading of the specimens. Inter-
estingly, the scatter range of the tests were higher in
the torsion tests. A possible reason could lie in the
manufacturing tolerances of the specimen and the
higher sensitivity of the torsional shear stresses to
varying diameters compared to the tensile stresses
in the tension and compression tests.

In a second step, the experimental results were com-
pared to the residual stress fields predicted by the
forming simulation. As depicted in figure 10.4,
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Figure 10.6 Results of (a) tensile fatigue tests
at load level Fa = 11 kN with Rσ = 0 and
(b) torsion fatigue tests atMt,a = 19Nmwith
Rτ = −1 for the two roll paths using the full
shaft geometry.

the degressively rolled components were found to
exhibit the maximum compressive residual stress
closer toward the flank of the rolled notch. The pro-
gressive roll path results in a compressive residual
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stress peak directly in the vicinity of the notch root.
The high compressive residual stresses prevailing
there counteract the load induced notch stresses
and thus lead to an increase in fatigue life of the
progressively rolled components when compared
to the degressively rolled specimens. This may at
least qualitatively explain the differences in fatigue
life of both variants, especially when we take into
account the slightly greater notch factor of the com-
ponents that have been progressively rolled.

10.6.3 Thermal and Mechanical Stability
of Residual Stresses

The thermal stability of the residual stresses in-
duced by cross-rolling into the workpieces was an-
alyzed in cooperation with other projects focused
on bulk metal forming as part of the activity of the
corresponding working group. The detailed results
are discussed in section 3.5 of this report.

In summary, the specimen manufactured by cross-
rolling from 42CrMo4 displayed a good residual
stress stability over the course of the temperature
treatment up to 240◦ Cwith holding times of sev-
eral hundred hours – resembling the temperature
profiles workpieces might typically be subjected to
in real-life applications, see section 3 for details and
graphs.

The mechanical stability of residual stresses in gen-
eralwas addressed in theBendingBenchmarkof the
priority program described in section 4.8. Focusing
on microscopic elastic-plastic loading of the mate-
rial in the investigated bending setup, it was shown
that the stability of residual stresses was reached af-
ter an initial stabilization phase. However, the sim-
ulation of residual stresses evolution under cyclic
loading in order to predict their change remains
a challenging task. The parametrization and the
material model used may especially influence the
resulting prediction’s quality. For more details see
Sec. 4.8.

10.6.4 Joint Quality Testing

All tested components displayed have the same ba-
sic geometry, as shown in figure 10.7 a) with a shaft
diameter and hubwidth of 8mm and an outer hub
diameter of 30mm with a material combination
of 42CrMo4 for the shaft material and C60 for the
hubs. The same rolling parameter set was used as
identified in pre-tests by means of a cross-section
analysis. The criterion was a good shoulder forma-
tion, see figure 10.7 c). For a selected shaft material
and diameter, a series of tests is necessary to estab-
lish the correct machine settings regarding radial
and axial movements, which will then be kept con-
stant throughout a series of experiments.

Figure 10.7 a) Joint geometry with cross-
section analysis of different rolling parameters
with b) poor axial positioning, c) good axial
positioning. Excerpt from [9].

When testing a joint, generally two failure modes
are possible: detachment of the two joining part-
ners in the joining area or failure in formof cracking
of one of the joining partners. In order to quantify
the joint quality and identify the dominant failure
mode, torque tests were carried out on a stick-slip
testing stand. It is equipped with a 450NmAtlas-
Copco EC-spindle and an open-loop control. Dur-
ing the angle-controlled test, the resulting torque
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Figure 10.8 Results of the torque tests on com-
ponents manufactured by cross-rolling [9].

was measured continuously until a sharp drop in
the torque curve was detected indicating compo-
nent failure.

All components remained visually intact during
tests, indicating that the failure occurs in the
interference-fit. This is to be expected, since the
shaft material has a very high yield stress. The
torque measurements of both solid shaft (blue
curves) and hollow shaft (orange curves) compo-
nents are shown in figure 10.8. The arithmetic
mean of the failure torque for the solid shafts is ap-
proximately 23Nm with a standard deviation of
about 2Nm. The hollow shafts performed slightly
worse.

The variation in the maximum bearable torque be-
tween each specimen group has two possible rea-
sons. First of all, the hydraulic shoulder rolling
device has a limited positioning accuracy, which
can cause small variations of the final axial posi-
tion of the work rolls. Secondly, the transmitted
torque is directly dependent on the friction condi-
tions within the joint, which also can have small
variations.

When analyzing the torque test results in relation
to the corresponding analyzed cross-sections, it ap-
pears that the difference in the maximum transmis-
sible torque between the components with good
and with insufficient axial positioning is caused by
the additional contact area that contributes to the
load bearing capacity of the joint, see figure 10.9.
Ideally, both the axial contact zones (orange) and
the cylindrical contact zone (blue) form a force-fit

Figure 10.9 a) Cross-section with color indi-
cated contact areas and b) 3Dmodel of a joined
component with color indicated contact ar-
eas [9].

with the hub thereby increasing the contact area
and resulting maximum load bearing capacity, see
figure 10.9. A more detailed discussion on the geo-
metric interference-fit parameters for this joining
by rolling process can be found in [3].

In summary, the the axial force-fit significantly con-
tributes to maximum bearable torque of the joint.
Overall, the transmissible torque of the rolled com-
ponents is still not sufficient for an industrial appli-
cation. The high-strength 42CrMo4 is not an ideal
choice for this type of joining by rolling process,
because its yield stress is too high and therefore not
enough radial material flow can be generated into
the contact areas. Since for most shaft-hub connec-
tions the contact zones are the most likely point
of failure during loading, the shaft material can be
exchanged for a more ductile material in order to
reach better joining conditions.

10.7 Fatigue Life Calculations
Considering Residual Stresses

10.7.1 Extension of Local Strain Approach

In the following, an extension of the state of the art
Local Strain Approach (LSA) for fatigue life analy-
sis, see section 4.7 andfigure 4.8, which is capable of
capturing effects resulting from the process history,
especially the influence of forming induced resid-
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Figure 10.10 Cyclic behavior of the 42CrMo4
under consideration; (bottom) prescribed strain
block during IST and (top) experimental
stress-strain-relationship of the first IST-block
(D = 0) and of block 180 (D = 0.5).

ual stresses is presented. Additionally, an extension
for modeling the transient material behavior un-
der cyclic loading is provided. For more detailed
information see the works of Kühne et al. [2, 10].

Extension to Transient Material Behavior

For the 42CrMo4 material under consideration,
the results of an Incremental Step Test (IST) indi-
cate a cyclic softening behavior aswell as asymmetry
in tension/compression, see figure 10.10.

First, the material lawmust be generalized to distin-
guish between tension and compression in order to
account for both effects. Consequently, an asym-
metric stress-strain relationship is introduced by
applying different cyclic hardening parametersK ′

+

andK ′
− andn
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+ andn
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Figure 10.11 Scheme of the extended local
strain approach. The additional parts for tran-
sient material behavior ( ) and additional
parts for incorporation of residual stresses
( ). Figure adapted from [10].

K ′ →
{
K ′

+ σ ≥ 0

K ′
− σ < 0

n′ →
{
n′
+ σ ≥ 0

n′
− σ < 0

(Equation 10.1)

in the commonly used Ramberg-Osgood equa-
tion [11] of the CSSC. In order to represent the
transient behavior over the course of the fatigue
life, they also need to be connected to the damage
variableD. The Ramberg-Osgood equation can
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therefore be expressed as

Δε±(Δσ, γ) = ...

... sign(Δσ)

(
|Δσ|
E

+ γ±

( |Δσ|
K ′±(D)

)1/n′
±(D)

)

(Equation 10.2)

for stress rangesΔσ [2]. In a second step, the tran-
sient material behavior can be modeled by chosing
appropriate dependenciesK ′

± (D) , n′
± (D), e.g.,

from a fit to each IST loading block. For an asym-
metric stress-strain relationship, as displayed in fig-
ure 10.10, the hysteresis curves must be adjusted.
The reloading curve for tension and compression
is therefore described by the newly introduced pa-
rameters γ+ and γ−. Since the hysteresis closure
no longer necessarily takes place at the beginning
of the hysteresis and thus the determination of the
damage is no longer trivial, the evaluation with the
damage parameter is now performed for half hys-
tereses instead of closed hystereses. As a result, the
linear damage accumulation hypothesis is modified
to

D =
n∑

i=1

0.5

Ni

(Equation 10.3)

where 0.5/Ni is the damage contribution of one
half hysteresis and Ni results from the compari-
son of the Strain Wöhler Curve (SWC) with its
parameters σ′

f , ε
′
f , b, c and the used damage pa-

rameter, e.g., PSWT =
√
E σo εa, for a consid-

ered half-hysteresis. The overall procedure extend-
ing the LSA from section 4.7 is summarized in fig-
ure 10.11.

Incorporation of Residual Stresses

In order to consider the forming induced residual
stresses in the fatigue life calculation they have to be
properly introduced in the modeling approach. By
prepending an additional loading cycle withRσ =
0 in the load sequence, as shown in figure 10.12,
residual stresses σRes �= 0 can be applied.

The amplitude of the elastic stress σ1st LC,el for the
extra load cycle can be calculated if the forming in-
duced residual stresses σres are known, e.g., from
a forming simulation or an experimental residual

ε
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Δσ1st Lc,el

... t
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Load sequence
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Prepended
cycle

Revaluation

1©
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Figure 10.12 Scheme of prepended load cycle
withRσ = 0 (black) and the subsequent load
sequence (gray) in their temporal evolution
and the corresponding stress-strain plot.

stress measurement. The σ1st LC,el produces an
elastic-plastic estimated stress σ1st LC when Neu-
ber’s revaluation rule is used. The resulting resid-
ual stress directly affects the load sequence starting
after the prepended load cycle. Finding the nec-
essary σ1st LC,el for matching σres may require the
calculation of several constant amplitude loading
sequences in an iterative procedure.

Fatigue Life Calculation of the Cross-rolled
Component

In the following, the developed concept is applied
for the fatigue life calculation of the cross-rolled
component. The required results of the cyclic ma-
terial characterization of the 42CrMo4 under con-
sideration are depicted in table 10.2.

Table 10.2 Material properties of the 42CrMo4
steel under investigation [10]

from IST

First Cycle Cyclic stabil. (◦)′
K/MPa 1,308.70 2,227.89

n 0.047 0.2168

from CA testing

σ′
f/MPa ε′f b c

1502.3 −0.0862 0.1319 −0.45132
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Figure 10.13 Calculated Wöhler-Curves for
crack initiation in comparison to experimen-
tal Wöhler-Curves for fracture. Figure adapted
from [10].

The transient behavior is proposed to be de-
scribed using a simplifying approach without
asymmetry in tension/compression. Thus,
K ′

± (D) , n′
± (D) → K ′ (D) , n′ (D) and

γ± = 0 hold in Equation 10.2. The transient
dependencies on D are modeled according to
table 10.2 from IST data. The transition from
the initial material response to the as stabilized
assumed state at NF/2 is simplified to a linear
relationship. Afterwards, no further change in
material behavior is assumed due to stabilization.
The calculation results are shown in figure 10.13
next to comparative experimental results.

Comparing the simulationswith andwithout resid-
ual stresses, the qualitative increase in fatigue life
due to the compressive residual stresses is matched
correctly. This effect is evident especially for high
load cycle numbers. Interestingly, the degressive
component’s simulation predicts a higher fatigue

strength then the one from the progressive part.
This is contrary to the experimental findings for
the total fatigue life in section 10.6.2. Additionally,
in figure 10.13 there is a discrepancy between the
experimental curve for cross-rolled specimens and
the simulations leading to conservative results of
the proposed approach.

Possible reasons for the discrepancy are the influ-
ence of strain hardening and the improved surface
roughness due to the cross-rolling process which
were not yet taken into account for the simulation.
Besides, the experimental results in figure 10.13 are
associated with the total fatigue life for specimen
fracture. The simulations in turn predict the crack
initiation life. Compressive residual stresses may
lead to retardation of fatigue cracking after initia-
tion and thus lead to structural integrity reserves
which are not predictable with the LSA at all.

10.7.2 Phase-field Model for Fatigue
Fracture

For using possible structural integrity reserves one
needs to consider fatigue crack growth under resid-
ual stress influence. In recent years, the numerical
phase-fieldmethod especially has gained popularity
within the fracture community because of its abil-
ity to describe complex crack patterns such as crack
branching and merging and even crack initiation
within one single model [13].

The consideration of fatigue influences makes
changes in the standard phase-field model for brit-
tle fracture necessary. For detailed information on
the standard model, see [13]. An overview of possi-
ble extensions to fatigue can be found in Kalina et
al. [14].

The fatigue fracture model developed here [15, 16]
assumes that thematerial’s crack resistance depends
on the experienced fatigue damage in terms of a lo-
cal lifetime variableD. Thus, the energy functional
of a cracked domainΩwith sharp crack surface Γ
considering fatigue [15] can be expressed by deploy-
ing the widely known Griffith criterion [17]. Using
the principle idea of the phase-fieldmethod for frac-
ture,Γ is regularized by introducing the phase-field
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variable d ∈ [0, 1] and the crack surface density
γ�c = 1

2 �c
d2 + �c

2
|∇d|2 [18]. The resulting func-

tional of the now coupled field problem without
external loading reads

ΠD =

∫
Ω

ψ dV +

∫
Ω

α (D)Gcγ�c dV .

(Equation 10.4)

It isψ, theHelmholtz energy density, andα (D) =

(1− α0) (1−D)ξ + α0 the fatigue degradation
function with its parameters α0 and ξ, leading to
local and gradual degradation of themodel’s critical
energy release rate or fracture toughness Gc with in-
creasingD. The characteristic length of the phase-
field �c describes the width over which the crack is
smeared.

From a phenomenological point of view, the emerg-
ing crack leads to local degradation or loss of the
material’s stiffness. Accordingly, the energy density
of the undamaged, isotropic linear elastic material
ψ0 is degraded with increasing d. As a result, the
dependency ψ (ε, d) = g (d) ψ0 (ε) using the
degradation function g (d) = (1− d)2 is intro-
duced in Equation 10.4 [19].

The governing differential equations of the coupled
problem follow from demanding δΠ = 0 for the
displacement field and the phase-field. The equa-
tions are the balance of linear momentum for quasi
static loading, see Equation 1.1 in section 1.2 and
the phase-field differential equation considering fa-
tigue

α (D) d− �2c∇α (D) ·∇d−α (D) �2cΔd = ...

... 2 (1− d) ψ0︸︷︷︸
H

�c
Gc .

(Equation 10.5)

In order to ensure the irreversibly of the crack dur-
ing unloading, a damage mechanics inspired ap-
proach of Miehe et al. [19] using the crack driv-
ing forceH = maxτ∈[0, t] ψ0 (ε, τ) instead of ψ0

is deployed. As one can show, the usage ofH in
Equation 10.5 prevents the phase-field variable from
decreasing and ensures a fully irreversible evolution
of d.

Calculation of the Local Lifetime Variable

The calculation of D follows the standard local
strain approach, see figure 4.8. As the damage pa-
rameter the PSWT using the equivalent vonMises
stress is adopted. It is applied at each material
point in order to calculate load cycle wise contri-
butions to the local lifetime variable D. Using
the linear damage accumulation rule for damage
contributionsDi of load cycle iwe can define the
D =

∑
i Di as current local lifetime variable D.

By assuming only slight changes of the stress-strain
states over ΔN consecutive load cycles starting
from cycle i, the simulation is accelerated andD
can be approximated asD ≈∑i−1

j=1 Dj +ΔNDi

what states that we skip the calculation of the next
ΔN load cycles and thus save computational cost.
The ability of the proposed model to reproduce
typical fatigue crack growth phenomena is shown
in Seiler et al. [15]. Furthermore,D could princi-
pally be calculated according to any fatigue damage
concept available. This makes the approach very
flexible and modular and enabled the application
of the developed framework to the complex high
cycle fatigue phenomenon Tooth Flank Fracture
in gears [20].

Incorporation of Residual Stresses

In general, residual stresses originate from the form-
ing process of the specimen. The stress remaining
after unloading is the residual stressσ0. The asso-
ciated strain

ε0 = ε0,el + εp (Equation 10.6)

can be decomposed into an elastic part ε0,el and a
plastic part εp, see figure 10.14 a). Only the elastic
part ε0,el of the residual strain ε0 is of relevant for
the phase-field fatigue life simulation. The plastic
forming process is treated as completed and is not
modeled. Hence, all material points are assigned
the same material parameters initially, regardless of
their (plastic) history. The total stress-strain state
(σ, ε) in the model is the sum of the initial state
(σ0, ε0,el) and the stress-strain state caused by the
cyclic loading (σc, εc). Hence, the total strain in
the fatigue simulation is ε = ε0,el + εc as shown
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Figure 10.14 (a) Formation of residual stresses
through plastic deformation. (b)Material law
for cyclic simulation. Figure from [16].

in figure 10.14 b). Here, the strain εc is

εc =
1

2

(∇u+ (∇u)�
)
. (Equation 10.7)

The elastic residual strain ε0,el is known initially
fromthe residual stress fieldσ0 and enters the strain
determination as an offset. On the one hand, this
offset in stress and strain influences the determina-
tion of PSWT and consequently the calculation of
D. It results in a shift of hysteresis due to residual
stresses and thus increases or lowers the resulting
D, as clearly depicted in figure 4.8 (Point 3©). On
the other hand, the governing phase-field fatigue
equation in Equation 10.5 is influenced. Therein,
the crack driving force is replaced by the temporal
maximum of the strain energy density of the total
stress strain state

H(t) = max
τ∈[t0,t]

(ψe(ε0,el + εc(τ))) .

(Equation 10.8)
The initial state at the time t0 is hereby ε = ε0,el,
σ = g(d)σ0.

A realization using experimentally measured resid-
ual stresses requires the calculation of an equilib-
rium stress field since the experimental results are
not a priori equilibrium ones. A load free simula-
tion needs to be carried out prior the fatigue simu-
lation using the measured residual stresses as initial
stress field. Subsequently, the resulting equilibrium
stressesσ0 are used as an initial stress field for the
phase-field simulation.

Numerical Example with Comparison to
Experiment

The model’s principal behavior will be shown us-
ing the example of a Compact Tension (CT) spec-
imen according to ASTM E647 with a width of
100mm. The initial crack length is increased to
25mm (20mm notch plus 5mm pre-crack) by
the introduction of a 5mm pre-crack. After that,
forming induced residual stresses are introduced
to some specimens by Laser Shock Peening (LSP)
in front of the initial crack [16], see figure 10.15 a).
Using this setup the influence of residual stress on
the fatigue crack growth is investigated. Through-
out the FCG test, the applied load ratioRσ = 0.1
remains constant. The maximum applied force
for the fatigue load load cycles is 1.65 kN for the
specimens with a thickness of 2mm. A represen-
tative aluminumAA2024-T3 is used [16]. For the
model parametrization, specimens without LSP in-
duced residual stresses are used. Thereforewefit the
model parameters α0 and ξ to the resulting crack
growth curve of the experiment, see the grey curves
in figure 10.15 b). The crack length of the specimen
is denoted as a. Obviously, for the parametrization
dataset a good agreement between simulation and
experiment is reached.

In order to test the model’s prediction for residual
stress influence, CT specimens which undergone
LSP are considered.

A comparison of crack growth curves from the ex-
periments with the ones from the phase-field simu-
lation for fatigue fracture is given in figure 10.15 b).
With regard to the compressive residual stresses de-
picted in figure 10.15 a) the simulation predicts the
qualitative crack growth well: In the peened area
a decrease in crack growth rate is observed. Accel-
erated crack growth occurs in front of and behind
the peened area as a result of tensile residual stresses
filling equilibrium. However, the quantitative re-
sult differs from the experiment. Possible reasons
are the simplified modeling in 2D and the there-
fore as constant over the thickness assumed resid-
ual stresses in the simulation. Nevertheless, prin-
cipal effects of residual stresses influencing crack
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Figure 10.15 Fatigue crack growth in peened
(LSP) and unpeened (BM) specimens. a) Phase-
field d at the end of simulation and imposed
residual stress component σ0,yy from residual
stress measurements after LSP b)Crack growth
rate. Figure adapted from [16].

growth can be shownusing the presentedmodeling
approach.

10.8 Conclusion

The procedure described in the project has led
to comprehensive findings on the relationship be-
tween the targeted process control in the rolling
forming process, the residual stresses that arise,
their influence on varying rolling paths and the re-
sulting properties of the cross-rolled components.
This applies both to experimental work, which in-
volves the generation of the necessary data and find-
ings from material characterization, component
testing and residual stressmeasurements, and to the

accompanying numerical simulations, which are
aimed at predicting residual stresses and perform-
ing final service life analyses. Overall, methodical,
transferable findings are thus available for the eval-
uation and investigation of steel components with
regard to their behavior under residual stresses and
their targeted influence by the forming process.

Questions to be answered in future work are the
influences of the forming process on the fatigue
life of the component. The quantitative effect of
residual stresses compared to the effect of surface
roughness as well as the strain hardening effect is
still to be investigated. Especially the separation
of the effect of strain hardening from the effect
of residual stresses is a challenging task since both
result from the elastic-plastic forming history of
the material and thus are closely related.
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11.1 Introduction

The large, inhomogeneously distributed degrees
of deformation that usually appear in cold forging
lead to large residual stresses. In the industrial en-
vironment, these residual stresses (RS) are primar-
ily perceived as a concern with potentially undesir-
able effects. Especially during extrusion, (partially)
plastic deformations, subsequent elastic recovery
as well as heating and cooling lead to uncontrolled
or partly unknown RS states [2, 3]. The forming-
induced RS affect various properties of mechani-
cal components, the main effects being fatigue life,
distortion, and corrosion [4–6]. Up to now, coun-
termeasures have mainly been aimed at limiting
the influences during the production chain [7]. In
particular, the negative effects of tensile RS on the
surface are to be avoided. Among other things, un-
desired RS are reduced by stress relief by means
of intermediate heat treatment. Performance in-
creases that can be achievedwithout additional pro-
cess steps through targetedRS adjustment are often
not taken into account. Approaches that specifi-
cally adapt theRS condition have so far only existed
in the form of additional operations such as deep
rolling, machine hammer peening or shot peening
and the associated increase in machining times and
production costs, see chapter 3 and [8–10]. These
modifications are primarily aimed at the area close
to the surface and are intended to change the RS
from tension to compression. The size and distri-
bution of the RS in the depth direction can hardly
be influenced.

For this purpose, an inline controlled process con-
trol was developed for the modification of the cold

forming-induced RS state, the so-called TaReS
strategy (Tailored residual stress strategy) [1]. A
schematic illustration of this strategy is shown in
figure 11.1. Classified as a forming strategy, two pro-
cess extensions are used for conventional extrusion,
see chapter 3. Compared to project 5 in chapter 10,
in which the influence of the tool geometry and dif-
ferent lubricants on the RS state are analysed, for
this project the focus lies on active elements for the
inline controlled influencing of the RS state [11]. A
first process extension refers to the use of the ejector
as a counterpunch during the main forming pro-
cess to generate a counterforce. The second process
extension refers to the inline adjustable die preload
to influence the degree of forming in the ejection
phase. Both forming strategies together allow the
modification of the RS state with two indepen-
dent degrees of freedom. Under the hypothesis that
an optimal RS condition exists for a characteristic
load, a desired RS profile is derived. A characteris-
tic load is understood to be, for example, a specific
bending, tensile or torsional load. The desired RS
state corresponds to the requirements placed on
the cold extruded component and results from the
component property improvements, which corre-
late with the forming-induced RS. Subsequently,
simulation-supported models can be used to de-
rive a suitable RS profile and the optimum process
parameters, which are set in the forming process.

The introduction of the TaReS strategy is also in-
tended to contribute to an industrial paradigm shift
in RS-optimized components: Forming-induced
RS are no longer to be considered a problem, but
their advantages and potentials are to be used for
future industrial applications. In particular, the
performance increase of products and the shorten-
ing of process chains through inline controllable
RS states are to be considered. The methodolo-
gies and models of the TaReS strategy as well as the
experimental and numerical validation of the RS
settings are presented and summarized in the fol-
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Figure 11.1 Principle of tailored residual stress strategy (TaReS) [1].

lowing chapter. The overall objective of the project
is the fundamental scientific analysis and utiliza-
tion of the influence of forming-induced RS on
product quality improvement in cold forging. For
this purpose, the forming strategies are primarily
focused on the metastable austenitic steels 1.4404
and 1.4307. The selection of thesematerials is based
on the fact that the strength is adjusted exclusively
by the hardening mechanisms resulting from cold
forming and not by heat treatment. [1]

11.2 Formation of Residual Stresses
During Conventional Extrusion

In order to gain a deeper understanding of the
TaReS strategy, RS development in the conven-
tional process is addressed. The focus is on the
description of the development of RS through in-
homogeneous deformation, where the RS state can
be explained very well through 2D FE simulations.
[12]

The typical RS profile and associated flow lines of
a full forward extruded sample are shown in figures
11.2 a) and b). Below the extrusion shoulder of the
specimen, it can be seen that there is high tensile RS
in the near-surface region and compressive RS in
the core after cold forming. The occurrence of RS

Specimen
Stationary area

Opening angle Cold extruded
component

a)

b)

Extrusion shoulder

Figure 11.2 Conventional process of full for-
ward extrusion: a) material flow [13]; b) axial RS
in FE simulation [14].

is primarily due to the inhomogeneous deforma-
tion in the taper zone of the die [15]. The material
flow in the edge zone is retained compared to the
core zone of the specimen due to wall friction as
well as deflection through the die shoulder. This
can be seen in figure 11.2 a). The inhomogeneous
deformation prevents a complete elastic recovery,
which leads toRSbeing retained in themolded part
due to the newly established equilibrium. Below
the opening angle of the specimen, a stationary re-
gion is formed, which must be taken into account
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as an important feature in the investigations of RS
formation [13].

A second superimposed effect on RS formation
relates to the sample ejection process. The study
of RS formation must therefore take into account
the various sub-steps of the full-forward extrusion
process, which are summarized in figure 11.3. In
particular, Tekkaya states in his investigations that
the high tensile RS on the surface of the compo-
nents in the axial and tangential directions can be
significantly reduced after ejection [2]. This effect
is due to the fact that a second deformation in the
opposite direction takes place in the area close to
the surface.

The second plastification due to pressing through
the calibration zone forces a new RS equilibrium
state, which reduces the surface RS. Although
the tensile RS are reduced after ejection, a non-
negligible tensile component remains, which can
also be validated experimentally by X-ray diffrac-
tion [16]. Amore detailed explanation of this effect
is based on the thought experiment of Tekayya [17],
which is described in chapter 3. In order to achieve
an accurate modeling of the final stress state, e.g.,
in FE simulations, the consideration of the ejection
phase is thus of great importance.

11.3 Material Characterisation

In order to correctly represent the material behav-
ior of samples made of 1.4404 and 1.4307, compres-
sion tests and incremental step tests were carried
out. Furthermore, a suitable kinematic hardening
model is necessary for the FE modeling in order to
obtain a suitable springback after the first forming
[18]. For the following investigations, a Chaboche
material model was used with a restraint that pro-
portionally takes into account the isotropic and
kinematic hardening [19]. The general material
model is defined as follows, see Equation 11.1 to
Equation 11.3. σi represents the isotropic and σk

the kinematic hardening.

σ = σi + σk (Equation 11.1)

2- Cold extrusion

1- Initial state

3- Relief

4- Injection

Specimen

Extrusion die

Punch

Injector

Calibration zone

Figure 11.3 Partial steps of full forward
extrusion in 4 sections [1].

σi = σy0 +Q · (1− e−b0·εp) + P · e−b0·εp

(Equation 11.2)

σk = i ·
M∑
i=1

Ci

λi

(1− e−λi·εp) (Equation 11.3)

Here σy0 is the initial yield strength, εp is the plastic
strain andQ,P and b0 are coefficients for isotropic
hardening. Ci and λi describe the kinematic hard-
ening. M is the number of restraints. Only one
restraint is needed to account for subsequent ejec-
tion. Accordingly, the coefficients for i = 1 are
evaluated.

The interpolated results are iteratively improved
with the help of FE simulation of the same test. A
detailed description of the procedure can be found
in the chapter 2 as well as in [1]. The results of the
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Table 11.1 Results of material characterization
tests on solution annealed samples [1].

Material 1.4307 1.4404

σy0 in MPa 278.00 244.00

P in MPa -93.9 -22.0

Q in MPa 1513.4 1424.1

b0 1.41 1.97

C1 in MPa 176.43 134.67

λ1 3.47 2.36

σk/(σk+σi) 6% 3%

tests are summarized in table 11.1 and in figure 11.4
below. The results apply to the solution-annealed
condition. From the results, two differences can be
identified between the materials studied. On the
one hand, the proportion of kinematic to isotropic
hardening is higher for the material 1.4307. Sec-
ondly, the material 1.4404 has an overall higher
yield stress σ, which will be considered in a later
discussion, see figure 11.4. [1]

Extrapola
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st
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ss
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Pa

]

Plastic strain

Compressive Test
Extrapolation

1.4307

1.4404

Figure 11.4 Results of the material tests: Flow
curves of 1.4404 and 1.4307 [1].

11.4 Methodology for Reducing
Residual Stresses Due to a
Counter Punch

Based on the first mechanism for RS generation in
conventional full forward extrusion, the use of the
ejector as a counter punch was developed.

Description of the Process

The tool system shown in figure 11.5 is used to im-
plement this process control. A force- or path-
controllable die cushion of the PtU’s spindle press
enables the ejector to be used as a counterpunch:
Within the main forming phase, a force-bound
counterforce controlled to constant values is gen-
erated opposite to the flow direction. In the ejec-
tion phase, the force control is then switched back
to displacement control. The die consists of a to-
tal of four components: front die, extrusion die
and two back dies connected in series. All compo-
nents are clamped inside a long sleeve. The speci-
mens discussed in this chapter have an initial diam-
eter of 14.5mm and are extruded to approximately
10.78mm in the die. The opening angle of the die
used has an angle of 60◦, whereby the calibration
zone has a length of 2mm. [20]

The die material used was carbide G20 with a
TiAIN surface coating. In addition to the exper-
imental investigations, numerical FE simulations
are carried out in order to be able to investigate the
2D distributions in depth. Especially in the depth
direction, the experimental determination of the
RS is limited by X-ray diffraction up to 1 mm.

The numerical models for the analysis of RS are
calculated with the software Simufact Forming 21®
with implicit solver, based on an axially symmet-
ric 2Dmodel. The structure of the model and rel-
evant components are summarized in figure 11.6.
The three-part die is designed as a solid body to
avoid extrusion into the intermediate gap. The con-
tact zone between tool and workpiece is defined as
segment-to-node contact andwithout user-defined
contact tolerance. Furthermore, due to the small
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Figure 11.5 Tool system used to generate a
counterforce by using a counter punch [1].

diameter reduction of the elements, remeshing and
rezoning are omitted. In this way, no stress smooth-
ing is generated during the simulation.

The required friction coefficients were determined
experimentally via the PtU’s Sliding Compression
Test Stand and are assumed to be constant for all
simulations. For a combined friction model, μR =
0, 31 for Coloumb andmR = 0, 5 for shear friction
were derived from the tribological studies. For sim-
plicity, only the die and specimen are deformable
bodies, while the other components are modeled
as rigid bodies. To avoid possible distortion during
the deformation, the edge lengths of the mesh grid
of the deformable bodies are set equal.

For the ejection of the specimen as well as for the
forming with the punch, a path-dependent form-
ing is used. In this case, the force represents a re-
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Punch

Counterpunch

Extrusion die

Armouring

Figure 11.6 Overview of the 2D numerical
setup to analyze the effect of the counter
forces.

sult variable. For the simulation of the counter
force during the forming process, a second ejector
is designed as a spring element to which a time-
dependent force profile is assigned. The value of
the counter force is set due to the time-dependent
force profile. The optimal starting position of the
counter punch during the main forming process
was determined by numerical simulations. At the
counterpunch position in figure 11.6, the most ef-
fective RS degradation is achieved and is located
below the calibration zone. [14]

For the investigations, counterforces of zero to
80 kNwere used on the specimens made of 1.4404
and 1.4307, whereby the case with zero corresponds
to the conventional process without counterpunch.
Intuitively, it is clear that, as the counterforce in-
creases, the required total force of the press must
also increase to compensate for the counteracting
internal pressure. The relationship between the
punch force of the press and the counterforce is
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Figure 11.7 Relationship between punch
force and counterpunch force.

shown in figure 11.7. Assuming a linear correlation
between counterpunch force and force of the press
results in a slope of approximately 2, 66. This phe-
nomenon cannot be explained by a force or pres-
sure equilibrium alone, as the area ratio in the taper
zone D0/DMat is only 1, 36. The larger slope is
due to the higher contact normal stresses to over-
come the counterforce. The specimens upset in
the front bushing are pressedmore strongly against
the die wall, resulting in increased frictional shear
stresses. The higher friction ratios must in turn
be compensated for by an increased pressing force.
Furthermore, the higher tribological stresses have
a considerable influence on tool life. In the experi-
mental tests, the tools in counterpunch operation
showed an increased tendency to fail due to crack-
ing or wear.

Working Principle

The general effect on the final stress state due to
the counterpunch is shown by the 2D distribution
of the RS in figure 11.8 from the FE simulations.
By using a counterpunch, the high tensile RS at
the surface are reduced from about 650MPa to
200MPa at a counter force of Fk = 80 kN after
forming. The RS gradients are also reduced in all
other principal stress directions [1]. The principle
of operation of the counterpunch on theRS forma-
tion can be explained by two mechanisms. Firstly,

the material flow in the core area of the specimens
is impeded by the counterforce applied, so that a
stronger homogenization of the plastic deforma-
tion at the extrusion shoulder is achieved. At the
same time, the hydrostatic stress state is increased.
Due to the more uniform springback after unload-
ing, less pronounced tensile RS are achieved in the
surface area. For reasons of equilibrium, the high
compressive RS in the core area are also reduced.
This principle of operation can be visualized by
numerical FE simulations in figure 11.9 a), where
the complete RS depth profile in radial direction
is shown over selected counter forces. With larger
counter force, the RS gradients are flattened in the
radial direction. The homogenization effect is en-
hanced by a convex curved counterpunch shape at
the tip and is preferable for the structural design of
a counterpunch. The second principle is based on
the subsequent ejection of the specimen. Since the
counterpunch also compresses the extruded speci-
mens, the effective specimen diameter is increased
with increasing counter force [1].

Conventional extrusion

With counterforce ( K = 80 kN)

0 600-1000Axial RS in MPa

Figure 11.8 2D-distribution of axial RS for
specimen of 1.4404.

The compression of the specimens occurs below
the calibration zone of the die. This effect is con-
sistent with the experimental measurement of the
specimen diameter by optical 3D measurement
technology, see figure 11.9 c). The results confirm
an effective increase of 21 μm at a counterforce of
Fk = 80 kN. When ejecting the specimens with in-
creased effective diameters, reverse extrusion takes
place, whereby the resulting degree of deformation
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Figure 11.9Numerical 1D-profile of the RS profile before and after injection in a) and b) [14],
FE-calculated change of the specimen diameter after the first deformation (DAus) compared with
experimental data in c) [1].

results from the counterforce. The plastic deforma-
tion with subsequent springback further reduces
the tensile RS near the surface. Overall, the stress
state before ejection is superimposed on that after
ejection and results in an overall lower RS state, see
chapter 3. A comparison between figure 11.9 a) and
b) demonstrates thismechanism,whereby a further
redistribution of the RS distribution takes place in
the depth direction.

Validation with X-ray Diffraction

To validate this forming strategy, X-ray diffraction
measurements using the sin²Ψ method were car-
ried out on both materials 1.4307 and 1.4404. As
an example, some results are shown in figure 11.10
a) and b) for axial RS. In figure 11.10 a), RS profiles

are recorded from the surface to a depth of 1mm.
With the exception of the measuring point at the
surface, the RS curves of the materials 1.4307 and
1.4404 differ significantly when a counterpunch
is used during the process. After conventional ex-
trusion without a counter punch, high tensile RS,
which are above 500MPa even at a depth of 1mm
remain in the surface area. Due to the counter-
force applied during forming, both materials show
clearly decreasing tensile RS, which tend toward
zero at 1mm depth. However, the measurement
results show similar values in the measuring points
close to the surface up to a depth of 50 μm. This
result is not to be expected from the numerical sim-
ulations. The reasons for this difference are not
yet understood. One conceivable explanation is
process-related, as the surface layer undergoes a
more complex plastic forming than the rest of the
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Figure 11.10 X-ray measurements of axial RS: a) in 1.4404 and 1.4307 in depths of 0, 50, 125,
250, 500 and 1,000 μm [14] and b) in positions 1, 2, and 3 at the surface in z-Direction with each
position being 1mm apart.

sample due to direct contact with the forming tool.
This behavior is difficult to reproduce in the FE
simulations. A second possible reason is related to
the measurements in this area, which are also very
complex. RS calculations from X-rays can be influ-
enced by various parameters, such as the anisotropy
caused by extrusion, which leads to linearity de-
viations of the strains via the sin²-Ψ method, or
inhomogeneous grain refinement on the sample
surface. While measurement data shows some mi-
nor non-linearity of the sin²-Ψ plots, there were
no depth-dependent differences in grain size seen
in microsections. Another explanation is due to
the structure of the numerical model. In particular,
only the austenitic phase is modeled in the FE sim-
ulations, so that no forming martensite is modeled,
see chapter 11.5. [1, 14, 20]

With regard to the RS on the surface recorded byX-
ray diffraction in figure 11.10 b), it can be seen that
with increasing counterforce there is a decrease in
the near surface tensile RS based on the average val-
ues. The result validates the effect already observed
in the numerical simulations, see figure 11.9 b). The
main difference is that in the material 1.4404 a con-
tinuous decrease occurs for all counterforces up to
70 kN. For the material 1.4307 it can be seen that

deterioration starts at approximately 60 kN. In par-
ticular at positions 2 and 3 there are significantly
higher tensile RS compared to the case at 40 kN.
This phenomenon clearly shows that the improve-
ment due to the counterpunch has a limit value. It
appears that this limit is material dependent [1].

Comparing the error bars in figure 11.10 a) and b),
it can be seen that in b) there are higher calculated
standard deviations due to the large number of
specimens. The cause of the higher fluctuations
in the experimental RS measurements can be at-
tributed to several factors, so that no clear explana-
tion can be given: From the point of view of form-
ing technology, the local friction is not uniformdue
to different lubricant distributions, which conse-
quently leads to different pressing forces , see figure
11.7 [21]. Furthermore, there are control fluctua-
tions in the generation of the counterforce. From
the point of view ofmaterials science, the high stan-
dard deviations are due to the different formation
of forming martensite and deviations in the yield
stress curve, see chapter 11.5.
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Process Limits

The experimental results as well as the FE simula-
tions clearly show that the application of a coun-
terforce reduces the tensile RS at the surface of the
extruded specimens. However, the reduction of
the RS state is subject to a limit from the counter-
force at which a maximum reduction of the tensile
RS is achieved. Based on FE simulations, this limit
can be determined iteratively by parameterizing the
counterforce. For the investigated specimen con-
figuration with the material 1.4307, a maximum
RS reduction at approximately 80 kN was deter-
mined from numerical simulations. For the ma-
terial 1.4404 with the identical numerical setup,
this reversal point is reached later at approximately
110 kN, which is illustrated in figure 11.11. This re-
sult agreeswith theX-ray diffractionmeasurements
based on the average values from figure 11.10 b): As
the counterforce increases, the tensile RS near the
surface are reduced. With a further increase in the
counterforce, the reduction mechanism reverses
again, so that higher tensile RS are again generated
at the surface.

The reason for the repeated increase in the RS near
the surface is the expansion of the plastic deforma-
tion in the ejection process for strongly compressed
specimens. Since the effective specimen geometry
after the first deformation increases with increasing
counterforce, the range of influence of the second
deformation during ejection also increases. From
the limit value FK,max the range of fully plastic
deformation begins, in which plastic deformation
also starts in the workpiece core. The existing RS
state is completely substituted by the second form-
ing process during ejection, i.e., the final RS state
depends only on the ejection process. A more de-
tailed explanation of this model theory for fully/-
partially plastic forming is given in chapter 3 and
in [22]. In summary, with a higher yield stress, a
higher degree of forming is necessary to achieve
fully plastic forming, which shifts the limitFK,max

to higher values.

,
Figure 11.11 Development of axial and tangen-
tial residual stresses at the surface of 1.4404 up
to Fk = 180 kN via FE Simulations [1].

11.5 Methodology for Reducing
Residual Stresses through an
Active Die

Based on the effect of ejecting the specimens to
modify the RS state, a second forming strategy was
designed. Fine adjustment of the degree of defor-
mation during ejection leads to superposition of
the RS state, resulting in a final setting of the final
RS state.

Description of the Process

The process idea here refers specifically to the par-
tial forming in the ejection process in order to fine-
tune the final RS state. The tooling system and
associated components in figure 11.12 are used to ac-
tively influence the die preload. Themechanism for
inline adjustable pre-stressing is based on a rotation-
ally symmetrical wedge gear, which is coupled to
the PtU’s spindle press via the die cushion. An axial
upward movement of the die cushion pushes the
conically shaped 3-part reinforcement onto the seg-
mented sleeve. Due to the transmission, the form-
ing die is tensioned in the segmented sleeve so that
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Figure 11.12 Tool system used to change the die preload while forming [1].

the inner diameter of the calibration zone of the
forming die is adjusted. In this way, the degree of
forming for the partial forming during ejection is
also calibrated. For the investigations, a total of
3 cases with variable ejection conditions are exam-
ined, whereby the identical pressurising takes place
in the main forming in all cases:

� Case A – Preload increase: In case A, the
preload on the die is increased during the ejec-
tion phase.

� Case B – Conventional method: In case B, the
preload on the forming die remains constant
throughout the process. It is a conventional full
forward extrusion process.

� Case C – Preload decrease: In case C, the posi-
tion of the die cushion is lowered during ejec-
tion. In this way, the diameter of the die is in-
creased after forming the workpiece.

1 1 2 2

III) EjectionI) First forming
II) Change of Preload

Time

Figure 11.13 Qualitative representation of the
path of the die cushion and punch during
tapering with active die [1].
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Figure 11.14 a) Parameterization of the change of the radius of the specimen of 1.4404 due the
change of the die-preload b) Change in ejector forces for cases A, B and C [1].

For all cases, the punch and the die cushion are
path-controlled. To illustrate the die movement,
these are summarized in figure 11.13. Compared to
the tooling system for the counter punch, in this
setup the samples to be examined are clamped at
the punch, i.e., the ejection of the samples is done
by pulling them out over the punch. The numer-
ical setup of this process is based on the setup of
chapter 11.4, whereas more details can be found in
the following literature sources [14] and [1].

Working Principle

As described earlier, changing the die preload dur-
ing ejection results in the change in degree of de-
formation. Fine-tuning the degree of deformation
also controls the second plastic deformation during
ejection, so that the ejection process is considered a
partially plastic forming [22]. The final RS results
from this superposition. The resulting change in
the diameter of the die is in the order of microns.
Therefore, great caremust be takenwhilemodeling
this effect, as small errors could lead to large devia-
tions in the predicted RS state [1]. An illustration
of the diameter change is provided in figure 11.14 a),
where a simulated parameterization of the preload
has been performed. Intuitively, it is clear that an
increase in the basic preload within the main form-
ing will result in a decrease in the diameter of the

die in the calibration zone. Therefore, the extruded
parts will have a slightly different diameter depend-
ing on the process conditions. Conversely, as the
base preload is reduced, the die relaxes, resulting
in larger diameters. Based on the preload changes
during ejection in figure 11.13, the identical effect
is shown by analogy. The influence of the variable
degree of deformation also affects the ejector forces,
which are listed in figure 11.14 b). Here, a compari-
son of the average forces during ejection FAus for
cases A, B and C is made and shown in box plots.
The experimental data are from seven samples for
each case studied. The ejection forces are signifi-
cantly lower in case A than in case B. It should be
noted that ejection is not eliminated in case A, but
merely occurs with a lower degree of deformation.
Compared to the conventional process, the form-
ing forces in case C are slightly higher. The higher
ejection forces of 1.4307 compared to 1.4404 can be
attributed to the formation of martensite and the
resulting volume expansion after the first forming
[20]. Overall, the experimental and numerical data
are in good agreement, confirming the FE simula-
tions for the investigations. A first process limit can
be derived by considering the diameter change and
the ejector forces. As the preload is progressively
reduced during ejection, no forming occurs during
ejection above a certain specimen diameter. The
calibration zone of the die no longer touches the
sample surface, which is why there is a stationary
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area in the negative x-direction in figure 11.14 a).
Beyond this limit, it is assumed that the resulting
RS state corresponds only to the main deforma-
tion: For very small changes in preload, there is no
deformation during ejection and hence no plastic
deformation occurs in the region close to the sur-
face. Figure 11.15 shows the numerical results of the
axial RS profiles for thematerials 1.4404 and 1.4307.
In addition to the experimentally investigated cases
A, B andC, the results of the stresses for the process
without ejection are also shown. Firstly, the results
confirm that in all the experimental cases A, B and
C a reduction in the tensile RS is obtained in the
surface region, due to the inclusion of the ejection
process. For the material 1.4404, the axial RS at
the surface decreases from an initial value of about
850MPa to 600MPa in case C, 200MPa in case
B and 150MPa in case A, with the last case show-
ing almost zero RS up to a large specimen depth
[8]. The same behavior is observed for the material
1.4307, whose curves are also quantitatively very
similar to the first material [8]. In summary, an
increasingly greater degree of deformation during
ejection causes a shift of the axial RS into the pres-
sure range. From these results it is evident how the
control of the degree of deformation by the active
forming tool allows a specific calibration of the RS
state. It is also noticeable that plastic deformation
is limited to the near-surface region, i.e., partial de-
formation takes place, while the central part of the
specimen is subject to a constant elastic relaxation
of the RS to maintain the overall equilibrium.

A second process limit can be derived from the ob-
servation: As RS redistribution occurs with larger
changes in preload during ejection due to near-
surface plastic deformation, fully plastic deforma-
tion will occur above a limit. Analogous to chapter
11.4, fully plastic deformation again leads to high
tensile RS at the surface. The identical behavior
due to a fine calibration of the degree of deforma-
tion can also be described by an analytical model,
which is discussed in [22]. Here a coupled reverse
shrink-fit model is used to determine the resulting
RS state.
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Figure 11.15Numerical evaluation of the RS
curves in the axial direction for the examined
cases A, B and C for 1.4404 [8, 23].

Validation with X-ray Diffraction

Figure 11.17 shows the results of X-ray diffraction
measurements on the tapered samples 1.4404 with
the analysis of the three elementary cases A, B,
and C. RS measurements are performed on the
remolded samples using the sin²-Ψmethod in the
depth direction. If the RS profile of case B is used
as a reference, it can be seen that a lower preload
as in case C causes higher tensile RS. On the other
hand, a more ideal stress state can be observed in
case A. Here, even near-surface compressive RS
up to −100MPa were measured, which are par-
ticularly desirable as they can improve the fatigue
strength of these extruded parts.
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Figure 11.16Milling of a feather key on the RS optimized specimens to demonstrate distortion
reduction [1].
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Figure 11.17 RSmeasurements with X-rays
in axial and tangential directions on samples
of 1.4404 in the austenitic phase. using higher
(A), identical (B), and lower (C) pre-stresses
during ejection [8].

As the sum of all RS in a workpiece in each direc-
tion must be zero, the curves are expected to cross
at a certain point in the depth to reach equilibrium.
In particular, the striking high slope of curve C
indicates that the high compressive RS at the sur-
face is compensated by increased tensile RS inside.
Overall, the results agree very well with the simu-
lations. The largest discrepancy is in the axial RS

in case A, which are slightly overestimated in the
simulations. [8]

In contrast to 1.4404, the lower content of
austenite-stabilizing elements in 1.4307 leads to the
formation of deformation-inducedmartensite even
at low degrees of deformation. For this reason, the
respective phase fractions on the surface were deter-
minedbyX-ray according toASTME975 [24]. The
values are between 35% and 44% and are listed in
table 11.2. Thedifferent prestressing forces of thedie
do not lead to a significant increase in the propor-
tion of deformation-induced martensite. [20]

Table 11.2Martensite contents on the surface
of the samples made of 1.4307, according to
ASTM E975 [20]

Specimen Martensite
content

on the sur-
face in%

Martensite
content
in 1mm

depth in%

A 35.1 ± 4.5 18.0 ± 2.1

B 42.7 ± 5.9 9.6 ± 3.3

C 43.6 ± 0.6 14.6 ± 0.8

From the investigations for the material 1.4307, a
reduction of the tensile RS due to the deformation-
induced martensite phase was observed. This is
further described in [20]. No significant trend
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was observed in the austenite phase of material
1.4307 with a changing die preload. One expla-
nation is that deformation-induced martensite is
found mainly in areas where large deformations
occur since the phase transformation is caused by
deformation. Due to the greater degree of deforma-
tion and the volume expansion during the phase
change, the martensitic phase has greater tensile
RS. In the martensitic phase, the effect of greater
preloads causes compressive stresses up to a depth
of 1mm. [20]

11.6 Validation of Improvement of
Material Properties

Component properties that are influenced by the
RS state were already described in the introduc-
tion. In order to specifically validate the effect of
themethods presented in this chapter for industrial
application, two case studies are focused on.

Reduction of Distortion

The high RS gradients created during cold extru-
sion are highly undesirable within a process chain,
for example, as slight disturbances of this equi-
librium can easily lead to plastic deformations.
To minimize the risk of distortion, the compo-
nent should ideally be free of internal stresses. To
demonstrate the effect of the forming strategies pre-
sented in this chapter, a post-processing on a sam-
ple with and once without optimised RS condition
is considered. In this case, samples are produced
with and once without a counterforce and then a
key ismilled on the extruded components. The key-
way is designed according to DIN 6885-1 [25]. The
resulting geometry is determined via a dial gauge
and simulated in parallel via FE simulations. Fig-
ure 11.16 shows the numerical and experimental re-
sults comparing the deformation due to the manu-
facture of the keyway on cold extruded specimens
made of 1.4404 with Fk= 0 kN and Fk= 80 kN.
Themaximum radial displacement at the specimen
tip isΔd/l0 = 1.37%. In contrast, when using a
counterpunch with Fk= 80 kN, the deformation

is almost completely avoided. These experimental
results are also confirmed by the FE simulations.

Improvement of Fatigue Life

The fatigue life of the extruded components is in-
vestigated by means of rotating bending tests. This
test reproduces the cyclic loading to which many
axisymmetrical extruded components are subjected
during their use, i.e., a cyclic bending moment.
This type of stress frequently occurs, for example,
in shafts where radial cyclic loads are applied by the
bearings, such as railway axles. The superposition
of external loads and the RS state in this configura-
tion is of great importance due to the high number
of accidents caused by fatigue failure. [4]

,

A

A

A-A

a)

1mm

b)

Figure 11.18 Illustration of rotary bending
test: a) experimental setup and b) samples
before and after testing.

The test setupof the rotatingbending tests is shown
in figure 11.18. The test specimen is fixed by clamps
at one end in the undeformed area and at the other
end over a length of 30mm. The prestressing sys-
tems rotate at constant speed and are connected to
an external structure via bearings. Radial forces are
applied to these bearings, which exert a bending
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moment on the specimen. The stress profile thus
corresponds to that of a 4-point bending process,
whereby the central area is subjected to a constant
torqueM0. The specimen is loadedwith pure alter-
nating stresses in the axial direction, i.e., the average
stress level is zero.

Inparticular, because one of the two end sections of
the extruded specimens has the same cross-section
as the test section, failure in the clamped section is
likely. To prevent fractures in this area, compressive
RS were introduced into this section by hammer
peening. FromRSmeasurements it was shown that
the hammer peening did not affect the RS in the
test section [1]. Additional shot peeningwasneeded
for the high cycle fatigue measurements to prevent
failure in the clamping region during higher cycles.
Consequently, the experimental setup is suitable to
perform the fatigue life tests.

The difference in RS has effects on the material
properties. To achieve different material responses,
various bending stress levels are used for the tests.
Additionally, the results of 1.4404 are utilized to
optimize the bending stresses for 1.4307 to achieve
more meaningful results. Figure 11.19 a) shows the
Wöhler plot of 1.4404. At 350MPa, all results are
in the low cycle fatigue area. There is no signifi-
cant difference between the samples with no coun-
terpunch (0 kN) and those with a counterpunch
(40 kN) at this bending stress level, although there
is a slight tendency of the 40 kN samples to exhibit
higher cycle numbers. At 150MPa, no sample ex-
periences failure until the cut-off cycle number of
107. Thus, no difference in the failure behavior can
be found due to the different forming parameters.
At a bending stress of 250MPa, differences are ev-
ident. From 0 kN to 40 kN there is an increase of
the average cycle number of 82% caused by the im-
proved RS state generated by the modified forming
process. A counterpunch force of 60 kN has even
better results with one of the three data points sus-
taining a whole series of cycles more before failure
occurs. This trend does not continue with even
greater counterpunch forces. At 70 kN the results
are comparable to a force of 40 kN. This implies
that there exists a maximum beneficial counter-
force, despite the continuing reduction in surface
tensile RS (see figure 11.10).
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Figure 11.19 Results of the fatigue life test:
Wöhler-Plots of Material 1.4404 and 1.4307
with different bending stresses applied.

Figure 11.19 b) shows the results of the 1.4307 sam-
ples. Due to the trivial results for the 150MPa
and 250MPa bending stress horizons for 1.4404,
the bending stresses for 1.4307 were adjusted to
200MPa and 300MPa. While there is a lot of
overlap between the data points at 200MPa, a sin-
gle point with a force of 40 kN lasted for 106 cy-
cles. At the 300MPa threshold it is similar. There
is a large overlap of samples without failure (2 x
0 kN and 2 x 40 kN), but of the samples that fail,
the 40 kN sample endures six times as many cycles
before breaking. Similar to the 1.4404 results, the
effects werewell pronounced at the 250MPa stress
level. There is a marked increase in cycle numbers
going from 0 kN to 40 kN. Using a counterpunch
with a force of 60 kN increase the results even fur-

DFG Priority Program 2013



Requirement-specific Adjustment of Residual Stresses During Cold Extrusion | 195

0 20000 40000 60000 80000

200

400

600

800

1000

1200

R
es

id
ua

ls
tre

ss
(M

Pa
)

Cycles

0kN Pos1
0kN Pos2
0kN Pos3
40kN Pos1
40kN Pos2
40kN Pos3

0 50000 100000 150000 200000

200

400

600

800

1000

1200

R
es

id
ua

ls
tre

ss
(M

Pa
)

Cycles

0kN Pos1
0kN Pos2
0kN Pos3
40kN Pos1
40kN Pos2
40kN Pos3

0 200 400 600 800 1000 1200
0

200

400

600

800

1000

1200

R
S

af
te

rr
ot

at
io

na
lb

en
di

ng
(M

Pa
)

RS before rotaitonal bending (MPa)

150MPa 0kN
150MPa 40kN
250MPa 0kN
250MPa 40kN
350MPa 0kN
350MPa 40kN

a)

b) c)

Figure 11.20 Results of rotary bending test: a) Residual stresses before and after failure by rota-
tional bending for 1.4404, b) 1.4404 at 350MPa. Failure occurs at positions 2.7 (0 kN) and 2.0
(40 kN). c) 1.4404 at 250MPa. Failure occurs at positions 2.3 (0 kN) and 2.6 (40 kN).

ther. At 80 kN, however, the number of cycles to
failure is again comparable to that of the 40 kN
case. Research for the reasons of this decrease in
fatigue properties is a current topic. As the effect
is relevant for both 1.4404 and 1.4307, it is not re-
lated to deformation-induced martensite. Higher
counterforces have no hardness increasing effect up
to 40 kN, which makes it unlikely that a greater
notch sensitivity due do increased hardness would
be relevant at higher forces.

Mechanical Residual Stress Stability

Mechanical residual stress stability is understood
as the change in RS over time under a cyclic load.
The associated investigation aims to determine the

extent to which the RS state changes under real
operating conditions [26].

Figure 11.20 a) shows theRS before and after failure
by rotational bending for the different load levels
and for the two main counterpunch forces. The di-
agonal line marks the area where no change would
take place. At first, it can be seen that the reduction
inRS scaleswith the bending stress. 150MPa leads
to almost no reduction in RS. There are some data
points at 250MPawhere the RS state remains sta-
ble, but most times a reduction is caused. A stress
of 350MPa leads to even greater reductions. In ad-
dition to the lower tensile RS during the forming
process, the use of a counterpunch causes a lower
reduction ofRS as well. This can be seen in that the
RS after failure are higher for 40 kN than for 0 kN
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despite the initial values being lower. This speaks
for a better ability to retain beneficial RS states.

At first, the in-situ measurements were undertaken
every 10.000 cycles. The results for material 1.4404
and bending stress levels of 350MPa can been
seen in figure 11.20 b). For the 0 kN sample, there
is a slow decline of the RS which accelerates af-
ter 40.000 cycles. At 50.000 cycles the RS at posi-
tion 3.0, which is closest to the failure point of 2.7
(0.7mm from position 2 and 0.3mm from posi-
tion 3), shows the lowest RS, which are equal to
the later failure at 52.700 cycles. The RS at other
positions are higher at 50.000 cycles, but nearly
identical after failure. The 40 kN sample behaves
differently. The initial RS states are much lower,
as already discussed for figure 11.10. During the
rotational bending test, the RS of position 1.0 is
already at 530MPa after the first 10.000 cycles. It
stays at thatmuch lower levelwhen compared topo-
sitions 2.0 and 3.0, which do not experience failure
of RS stability until after respectively 40.000 and
60.000 cycles. Here it is notable that position 3.0,
which had the highest RS at the beginning, ends
up with the lowest RS. Position 2.0, the point of
failure, showed the most stable RS evolution. At
250MPa (see figure 11.20 c), the RS split happens
the otherway. Here the 0 kN sample splits at failure
with low values at position 2.0 (close to the failure
position of 2.3) and stable values at position 1.0
and 3.0. For 40 kN, all positions retain a stable RS
state despite failure occurring at position 2.6. Due
to the placement of the data points, it can be seen
that the number of cycles between measurements
increased. Thiswas due to the large number ofmea-
surements in the beginning of the testing period
that did not show any significant RS change.

In conclusion it can be observed that the use of a
counterpunch does not only improve the RS state
right after forming, but also leads to a better sta-
bility of that RS state. The same effect can be seen
for 1.4307 for both the austenitic and martensitic
phases. At counterforces of 60 kN there is barely
any reduction of the RS except in the area of fail-
ure.

11.7 Modeling the TaReS Strategy

After the introduced definition of the TaReS strat-
egy, a desired RS profile can be set by means of the
twodescribed forming strategies. The combination
of the counterforce and the infeed by the active die
offers two independent degrees of freedom for this.
However, in order to generate the desired RS pro-
file, an exact prediction of the forming parameters
to be set is crucial. For this reason, modeling of
the combination of both forming strategies is re-
quired. Therefore, a parameterization was carried
out in an FE simulation with the sample configu-
ration discussed in this chapter. On the one hand,
the counterforce in the main forming and, on the
other hand, the infeed of the active die during the
ejection process are varied. The process window
resulting from the combination of both parameters
is shown in figure 11.21 a) with essentially 4 areas to
highlight. In this case, the parameterization of the
parameters for thematerial 1.4404was chosen, with
the resulting sample gauge shown on the y-axis. As
already gathered in the previous chapters,DMat is
adjusted by the infeed within the active die with
zzk. On the other hand, the diameter of the spec-
imen DAus after the main forming is a function
of the counterforce, which is due to the compres-
sion below the calibration zone. Thus, the change
in the degree of deformation during ejection is a
function of the form ϕ = f(DMat, DAus). These
two geometric parameters can be used to define
the 4 areas for the ejection process, which repre-
sent the process window of the combined forming
strategy:

1. No forming – IfDMat > DAus no deforma-
tion takes place because the sample and thematrix
do not come into contact.
2. Elastic forming – IfDMat < DAus so that ϕ
remains below a certain limit, pure elastic defor-
mation occurs. In this case, the stress state is not
changed.
3. Partial forming – If DMat < DAus so that
ϕ is within a certain range, partial deformation
occurs.
4. Full forming – IfDMat << DAus a full form-
ing occurs.
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Figure 11.21 Result of the FE parameterization of the counterforce FK and the infeed by the
active die ϕ = f(DAus, DMat) in the ejection phase for material 1.4404 : a) process window by
defining the specimen diameter; b) effects on the RS profiles in 1D direction [1].

The simulated RS profiles resulting from the com-
bination are listed in figure 11.21 b), whereby only
the counterforce for 0 kN and 80 kNwas used. A
comparison between the two graphs in b) shows
that regardless of the counterforce a large adjust-
ment range is possible by adjusting the active die,
see chapter 11.5. By increasing the counterforce, the
family of curves can even be shifted further into the
compressive range, with a significantly less infeed
by the active die required. In this way, it is possible
to dimension the actuators smaller for both form-
ing strategies in order to achieve the identical level
of RS close to the surface. For the modeling of the
forming process in area 3. Partial forming from
figure 11.21 a) an analytical approach can be created
to describe the resulting RS state. Assuming that
the ejection is a partial forming, the stress state is
superimposed from the main forming. This results
in the final axial RS σz,End as a superposition of
the two process steps:

σz,End = σz,Aus + σz,Over (Equation 11.4)

where σz,Aus are the axial stresses after the first
forming and σz,Over are the superimposed stresses
during ejection. To determine σz,Aus, family of
curves is simulated with a progressive counterforce
at identical basic pre-stress, see figure 11.9 a). These
results are interpolated using a higher-order polyno-
mial of the form σz,Aus = f(r, Fk). Furthermore,
the infeed of aRS-free specimen is varied, where the
varied degree of deformation is determinedϕ from
the diameter ratio of DMat and DAus, see chap-
ter 11.5. The results of the second parameterization
are analogously adjusted by an interpolation of the
form σz,Over = f(r, ϕ). Substituting both inter-
polation rules into Equation 11.4 yields an equation
of the form σz,End = f(r, Fk, ϕ). With this ap-
proach, the final RS state can be determined by
specifying the two process parameters. The proce-
dure for the development of the interpolation rules
is exemplarily demonstrated in [1].
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Figure 11.22 Contour map to represent
possible RS states on the surface of the mate-
rial 1.4404 for the given specimen geometry,
derived from the superposition approach in
Equation 11.4 [1].

The isoline diagram (operating diagram) in figure
11.22 shows the possible combinations for the RS
near the surface. The degree of deformation ϕ to
be set during ejection is described in this case by the
transmission through the die cushion. From this
diagram, a desired RS state can be read, fulfilling
the basic requirement for the TaReS prediction
strategy.

11.8 Conclusion

Strategies for the targeted control of RS during
forming processes offer enormous potential for
the improvement of component properties which
is not yet sufficiently exploited. In the investiga-
tions, this was demonstrated by integrating form-
ing strategies into conventional process control.
The influence of the counterpunch and the active
die on the RS state of full-forward extruded com-
ponents was scientifically described and validated
numerically and experimentally. The active die
was able to induce compressive RS even close to
the surface. The positive influence of process con-
trol on component performancewas demonstrated.
Unwanted distortion due to the reduction of near-

surface tensile RSwas reduced, and fatigue life (par-
ticularly in the low cycle fatigue range) and corro-
sion resistance were increased, see chapter 3 and [1].
The combination of the two process designs allows
an extension of the possible RS states that can be
explained by the partial/full plastic deformation
model theory. In an intelligent and efficient man-
ufacturing system, the RS introduced should be
considered together with other component prop-
erties in the design of the manufacturing process.
Accordingly, the RS state of a component should
be tailored to the specific requirements of its appli-
cation. This manufacturing strategy is referred to
in this chapter as the “TaReS strategy”. The main
challenge for the industrial application of a tailor-
made RS setting system in manufacturing is the de-
velopment of economically viable systems. In order
to transfer the promising approaches and knowl-
edge to the industrial environment, it is therefore
necessary to adapt the developed tooling system for
in-line control of the RS state. For the tools, the ef-
fects of anynecessary auxiliary elements (e.g., spring
systems) on theRSprofilemust also be investigated.
In this way, the optimum of possible product qual-
ity improvements through tailor-made RS and a
load-appropriate design of the tool systems must
be determined in order to guarantee an industrial
application of the manufacturing strategy.
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Symbols

b0 Coef. of isotropic hardening (−)
Ci Coef. of kinematic hardening (kN)

DAus specimen diameter after first forming
(mm)

DMat variable die diameter in the ejection
phase (mm)

D0 initial diameter of specimen (mm)

Δd radial displacement (mm)

FK counterforce (kN)

FK,max maximum counterforce (kN)

i counter variable (−)
l0 length of extruded specimen (mm)

mR Shear stress friction factor (−)
P Coef. of isotropic hardening (kN)

Q Coef. of isotropic hardening (kN)

xSS radial infeed of the die (μm)

zZK infeed of the die cushion (mm)

λi Coef. of kinematic hardening (−)
μR Coulomb friction factor (−)
σz axial residual stresses (MPa)

σz,Aus residual stress before ejection (MPa)

σz,End residual stress after ejection (MPa)

σz,Over super-positioned residual stress in the
ejection phase (MPa)

σy0 initial yield stress (MPa)
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12.1 Introduction

The ongoing climate crisis necessitates a sharp re-
duction in the emission of CO2 to limit the temper-
ature increase. A critical factor is fossil energy usage.
One major contributor to fossil energy usage is the
transportation sector, which is still highly depen-
dent on fossil fuels. In particular, battery electric
vehicles, powered by renewable energies, are seen as
an option to reduce emitted CO2. Together with
the capacity and longevity of the battery, the energy
efficiency and energy density of electric drives deter-
mine the range and lifetime of the vehicle. The en-
ergy density of an electric drive is coupled to its ro-
tational speed, where higher speeds result in higher
energy densities. Typical electric drive topologies
used in electric vehicles are synchronous reluctance
machines (SynRM) and permanent magnet syn-
chronous machines (PMSM). During the opera-
tion of these topologies, the magnetic flux inside
the rotating magnetic core (rotor) of the electric
drive has to be guided, the stray fluxes reduced,
or a magnetic anisotropy created. The magnetic
core for these types of electric drives typically com-
prises stacked non-grain-oriented electrical steel
(NGOES) sheets.

In conventional drives, flux guidance is achieved by
cutting outmaterial of the core, locally reducing its
high relative magnetic permeability μr of NGOES
(μr≈ 10000) significantly toward the permeability
of air (μr≈ 1) [1]. As a result of the reduced perme-
ability and, therefore, the increased magnetic resis-
tance, themagnetic flux is forced around the cutout.
This technique can be used to guide the magnetic

flux and suppress stray fluxes. However, efficient
flux guidance by cutouts leads to thin structures in
the cross-section of the rotor, consequently reduc-
ing the mechanical stability. During the operation
of an electric drive, centrifugal forces and torques
act on the rotor, which the remaining thin struc-
tures have to withstand. Therefore, a compromise
between magnetic flux guidance and achievable ro-
tational speed has to be found for both PMSM and
SynRM.

The concept of cutouts for magnetic flux guid-
ance has been highly optimized. Hence for further
optimizations, a new approach to magnetic flux
guidance is required. The introduction of resid-
ual stresses is avoided during the manufacture of
conventional magnetic core topologies. Residual
stresses reduce thematerial’smagnetic permeability
and degrade other magnetic properties. These de-
graded magnetic properties increase losses during
the operation of the electric drive (iron losses). The
reduction of magnetic permeability due to resid-
ual stresses is called the inverse magnetostrictive
effect or the Villari effect [2]. However, by carefully
introducing residual stress, the localmagnetic prop-
erties can be tuned to achieve similar magnetic flux
guidance as provided by cutouts. In this project,
this novel approach to magnetic flux guidance was
studied.

Residual stresses are introduced into the material
by embossing. Embossing makes it possible to
tune the residual stress state depending on the re-
quirements by adjusting the embossing points’ size,
shape, and density. This creates localized areas of in-
creased residual stresses anddecreasedmagnetic per-
meability, which guide the magnetic flux. Due to
the replaced cutouts, the material cross-section in-
creases, improving the rotor’s mechanical strength
and enabling higher rotational speeds.
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Common standardized global magnetic measure-
ment systems such as the Epstein frame and single-
sheet-testing (SST) are not sufficient to quantify
the local change in magnetic properties, as they av-
erage over the full volume of the sheet metal. To
analyze the local magnetic properties, neutron grat-
ing interferometry (nGI) was applied. nGI is a non-
destructive neutron imaging technique allowing
analysis of the local magnetic properties with sub-
millimeter resolution in the bulk of the material.
The residual stress state of the material was mod-
eled by mechanical simulations of the embossing
process. This residual stress distribution was then
used to performmagnetic simulations taking the di-
rectional effect of the residual stress distribution on
the magnetic properties into account. The global
and local measurements of the magnetic properties
were used to validate the magnetic and mechanical
simulations. The residual stress state, in turn, was
verified using nanoindentation.

The following will give an overview of the research
methods and project results. The developments
will be split into parts: The Chair of Metal Form-
ing and Casting (utg) analyzed the embossing pro-
cess and the numerical and experimental evaluation
of residual stress. The measurement of global mag-
netic properties and the simulation of themagnetic
flux resulting from embossing was evaluated by the
Institute of Electrical Machines (IEM). Finally, the
measurements of local magnetic properties were
performed and evaluated at Heinz Maier-Leibnitz
Zentrum (MLZ). In a separate part, we will discuss
the results concerning the project’s goals and the
development of the foundations for more effective
electric drives.

12.2 Embossing Process

Tomanufacture alternative magnetic flux barriers
embossing was selected as a metal-forming process.
Embossing is a local bulk metal forming process.
The embossing punch penetrates thematerial’s sur-
face, which is plastically deformed. Typically the
process is used to produce coins or to inscribe prod-
ucts. [3]

Due to the strong local deformation, dislocations
appear, and residual stresses increase. The challenge
of embossed flux barriers is that a restricted area
with high residual stresses is necessary. In contrast,
no mechanical and magnetic material properties
change is desired outside the flux barrier. The em-
bossed electrical steel sheets should be stackable to
a rotor or stator. The study was performed with
a NGOES with 2.4wt% silicon and a sheet thick-
ness of 0.35mm.

Different embossing processes were analyzed in the
research project. Large embossing points with a
diameter of 3mm are compared to small patterns
with an embossing point distance of 0.5mm and
1.0mm. In figure 12.1, the embossing strategy with
large embossing points is shown. The die is com-
parable to a shear-cutting tool, and the punch is
cylindrical, spherical, or conical. The diameter of
one embossing point is 3mm. [4, 5]

Ø 3.03 mm 

Ø 3.00 mm 
   

a)

Ø 2.00 mm 

Ø 3.03 mm 

b)

   

F F

Blank holder

Blank

Die

Punch

Figure 12.1 Schematic illustration of the
embossing tool and the embossing of the
blank with a cylindrical punch and b spherical
punch [4].

The second embossing strategy is a sequential pro-
cess with small pyramidal or spherical embossing
points (see figure 12.2). It differs between a punch
with only one embossing point and one with ten
embossing points for a sequential embossing pro-
cess. A flux barrier assembles several embossing
points with a distance of 0.5 or 1.0mm. [6–8]

To scale the embossing to an industrial process,
an embossing tool for embossing patterns of
30mm×60mmwas designed. Pyramidal emboss-
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Figure 12.2 Schematic illustration of the
sequential embossing process with a flat die
and pyramidal punch [6].

ing points with a tip angle of 70◦ are arranged in a
grid with a distance of 0.5mm. Due to the tool’s
construction, embossing on the top of the sheet
and both sides of the sheet is possible. Four other
different embossing patterns are feasible; see fig-
ure 12.3. The pyramidal tips of the top embossing
can be directly opposite the bottom embossing (A-
A) or shifted in (B-A) or transverse (A-B) to the
direction of magnetization or shifted in both direc-
tions (B-B).

12.3 Mechanical Material Behavior
of Embossed Flux Barriers

12.3.1 Embossed Flux Barriers under
Tensile Load

To emphasize the advantages of the alternativemag-
netic flux barrier design, the mechanical behavior
of embossed and cut flux barriers are compared us-
ing tensile tests. The t-bone samples have awidth of
20mm and length of 250mm [9]. The quadratic
flux barrier has a size of 10mm×10mm and is
in the sample’s center. The sample contour and
the conventional flux barrier are laser cut. The em-
bossed flux barrier is embossed sequentially with
100 pyramidal embossing points. The strain-force
curves are evaluated as the sample’s cross-section of
the cut flux barrier is not constant. Strain is exam-
ined with an optical measurement system.

In figure 12.4, the strain-force curves of the refer-
ence sample and the samples with embossed and

A-A B-A

A-B B-B

Embossing point sheets top

Embossing point sheets underside

Figure 12.3 Schematic illustration of the
embossing patterns manufactured with
embossing process scaled to industrial manu-
facturing.

cut flux barriers are displayed. Three samples are
compared for each configuration, and the mean
curve and derivation are plotted.

Due to its reduced cross-section, the samples with
cut flux barrier reach a higher strain at lower forces,
and plastic behavior appears at low loads. The em-
bossed sample shows a similar behavior compared
to the reference. The cross-section is constant, and
the embossing process results in strain hardening
in the area of the flux barrier. Consequently, the
elasticity of the embossed material is reduced, and
the elastic deformation concentrates on the unem-
bossed material volume. In the enlarged sector in
figure 12.4, it can be remarked that the elastic behav-
ior of the embossed sample ends at approximately
2.000Nwhereas the reference sample shows up to
2.500N the linearity of an elastic curve. Because of
strain hardening in the embossed material volume,
higher loads are necessary for the plastic deforma-
tion of the embossed material volume.
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Figure 12.4Mechanical behavior under
tensile strain of embossed and cut flux barriers
compared to an unworked reference sample.
[10]

This shows that themechanical strength of the sam-
ple is strongly reduced by the cutout. Plastic defor-
mation starts at a load of 36% compared to the
reference sample. The embossing leads to strain
hardening in the embossedmaterial volume, which
affects the elastic and plastic deformation of the
sample. [10]

12.3.2 Embossing Induced Residual
Stresses

Embossed flux barriers are based on the Villari Ef-
fect, which describes that increased mechanical
stresses lead to reduced magnetizability. Therefore,
the residual stress distribution evaluation is essen-
tial to show the functionality of embossed flux bar-
riers. The numerical analysis and the experimental
approach with nanoindentation are applied to ex-
amine the residual stress distribution.

Nanoindentation is a tool to evaluate hardness and
residual stresses by indenting the sample on a mi-
cro or nano scale using the principle of hardness
tests. The detected indentation curves – depth to
force – can be compared to reference curves of an
unworked reference sample. A high number of

nanoindents is necessary to evaluate a residual stress
distribution. Consequently, only a very local evalu-
ation in the cross-section of the sample is possible
[11].

Figure 12.5 shows the distributions of tensile and
compressive residual stresses in the cross-section of
pyramidal embossing points which are manufac-
tured with an embossing force of 50N, 100N and
200N. The evaluated embossing point is located in
a line of embossing pointsmanufactured according
to figure 12.2. The different embossing forces result
in an embossing depth of 28.5 μm, 41.6 μm and
62.9 μm in the electrical steel with a thickness of
0.35mm. To analyze the residual stress distribu-
tion, the sample’s cross section is polished, and a
grid of nanoindents is performedwith a distance of
25 μm. Referencing indents aremade in unworked
polished material to evaluate the residual stress dis-
tribution.

The experimental analyzed residual stress distribu-
tions show that compressive residual stresses are
concentrated directly below the embossing point.
Left and right of the embossing point – hence be-
tween the single embossing points – there are al-
most no residual stresses for the embossing forces
50N and 100N. For 200N, compressive residual
stresses dominate between the embossing points.
Generally, higher embossing forces – hence in-
creased deformation – result in higher compressive
residual stresses below the embossing point.

As the experimental evaluation of residual stress
distribution requires complex experiments, Finite
Element Analysis (FEA) is preferable for compar-
ing different embossing strategies. According to
the nanoindentation results, the line of pyramidal
embossing with two different embossing forces is
simulated. The residual stresses are evaluated as hy-
drostatic stresses and averaged over the sheet thick-
ness; see figure 12.6.

Because of the sequential embossing process (fig-
ure 12.2), the residual stresses vary in each emboss-
ing point and along the whole embossing line. The
higher embossing force – 200N – leads to a larger
difference between compressive and tensile resid-
ual stresses along the embossing line compared to
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Embossing force 50 N, Uz,max = 28.5 μm

Embossing force 100 N, Uz,max = 41.6 μm

Embossing force 200 N, Uz,max = 62.9 μm

200 μm

200 μm

Biaxial residual stress

Compressive 0 Tensile

200 μm

Figure 12.5 Distribution of compressive and
tensile residual stresses in the cross-section of
pyramidal embossing points manufactured
with an embossing force of 50N, 100N and
200N.

the embossings with 100N. Additionally, the area
with increased residual stresses enlarges with higher
embossing forces. The results are described in detail
in [6].

The residual stress distributions of embossed
flux barriers can be evaluated numerically and
with nanoindentation. Additionally, the residual
stresses can be qualified indirectly bymeasuring the
change in magnetic material properties originating
from the residual stresses through the Villari Effect.
Therefore different embossing strategies – emboss-
ing process, pattern, and force – are systematically
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Figure 12.6 Average hydrostatic stress compo-
nent for a line of pyramidal embossing points
with an embossing force of 100N (a) and 200N
(b). The stress component was calculated using
paths perpendicular to the sheet surface [6].

compared by the measured magnetic permeability
or the magnetic domain distribution.

12.4 Advances in the
Characterization and
Simulation of
Magneto-mechanical Coupling

Conventional measuring systems for characteriz-
ing the magneto-mechanical coupling of electrical
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steel allow measurement either only in a limited
range of mechanical stresses or only unidirection-
ally, which means that the combinations of magne-
tization and voltage that occur are only displayed
to a very limited extent. While SST topologies ex-
panded by a tension-compression unit only allow
scalar measurements with parallel mainmechanical
stress, vectorial systems that allow different orienta-
tions suffer from the fact that the maximum stress
range is severely restricted (± 30MPa).

As a combination of both conventional measure-
ment methods for the characterization of the
magneto-mechanical effect, a novel measurement
topology was developed as part of the project. A
universal testing machine with a maximum force
of 20 kN is used as a loading unit. A rotatable mag-
netization yoke, which is equipped with a pair of
needles formeasuring themagnetic flux density (B)
and an H-coil for determining the magnetic field
strength (H) in the vicinity of the sample serve as
themagneticmeasuring system. The sample itself is
held by a support frame, which prevents the sample
frombending under compressive loads and thus en-
ables a significant extension of the measuring range
of up to −70MPa. The measurement setup al-
lows a vector hysteresis sensor to be pressed on the
opposite side of the magnetization yoke in order to
record the magnetic field quantities magnetic flux
densityB and magnetic fieldH vectorially.

The measurements on the developed measuring
stand have revealed a significant influence of the
angle between magnetization and the mechanical
main stress direction γσ,B. To transfer this observed
material behavior to magneto-mechanical FEA of
electrical steel in general and rotating electrical ma-
chines in particular, a magnetization model is nec-
essary. For this purpose, the measurements are pro-
cessed to guarantee convergence of the FEA. Mag-
netic flux density B is first considered as a func-
tion of magnetic strengthH , mechanical stresses σ
and set angle γσ,B. After setting up and homogeniz-
ing the system matrix, the system matrix is trans-
formed:

ν = f(B2, σ, γσ,B) (Equation 12.1)

so that reluctance ν serves as the input variable for
the FEA model. Due to the needle probes, it is

Figure 12.7 Developed sensor with loading
unit, support frame and vector hystere-
sis sensor for vectorial characterization of
magneto-mechanical effect at high mechanical
stress.

possible, in contrast to the first prototype built, to
apply sinusoidal curves of themagnetic flux density
using the control unit. It is now also possible to use
the measured iron losses to parametrize an iron loss
model. The parameters of the IEM core loss model
xk, which enables the core losses to be separated
into different phenomenological effects, are iden-
tified as a function of existing mechanical stresses
σ and angle γσ,B. Thus, in the post-processing of
the magneto-mechanical FEA, conclusions can be
drawn about the effects of the mechanical stresses
introduced by embossing on the efficiency of the
drive.

12.5 Analysis of the Local Magnetic
Properties in the Bulk of the
Material

The interaction of the magnetic moment of neu-
trons with the magnetic domain structure in non
grain-oriented electrical steel gives rise to scattering
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Figure 12.8 Exemplary representation of the
magnetization matrix at σ = −50MPa.

of neutrons at ultra small angles (ultra small angle
neutron scattering (USANS)). Neutron grating in-
terferometry (nGI) is an advanced neutron imaging
technique relying on a micrometer-sized intensity
modulation of the neutron beam to detect neu-
trons scattered by USANS. Changes in this modu-
lation originating fromUSANS are measured spa-
tially resolved in the dark-field image (DFI) of a
neutron grating interferometer [13]. The DFI sig-
nal in each detector pixel is dependent on the aver-
age magnetic structure size present along the neu-
tron beam path through the electrical steel sheet
in the area covered by this pixel. The magnetic do-
main structure size changes depending on the local
state of magnetization, with higher magnetization
states resulting in overall larger domain structures
compared to states of lower magnetization. This
enables us to judge the spatial distribution of the
magnetization state in electrical steel and therefore
gain qualitative knowledge of the local magnetic
flux distribution across the sample.

12.5.1 Upgrade of the Neutron Grating
Interferometer

The intensity modulation used to resolve USANS
in nGI is commonly generated by the interference
pattern of three gratings of a Talbot-Lau type in-
terferometer: a source gratingG0 ensuring the spa-
tial coherence of the beam, a phase gratingG1 and

Figure 12.9 Simulated loss components and
measured iron loss in dashed lines at 1.0Hz
and 100Hz.

an analyzer gratingG2, where source and analyzer
gratings are binary absorption gratings. The qual-
ity of this stripe-pattern modulation is quantified
by the ratio of the change in intensity between dark
and bright stripes to the mean intensity; this ra-
tio is referred to as the visibility of the setup and
is represented as a number between 0 and 1. The
signal-to-noise ratio of the DFI signal is strongly
dependent on visibility. By adapting a grating man-
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Figure 12.10 Simulation of a PMSMwith
shrunk stator at 5000 rpm and 200 Nmwith-
out consideration of magneto-mechanical ef-
fect (top left), a vectorial magneto-mechanical
magnetization model (top right) and resulting
difference in flux density (bottom) [12].

ufacturing technique used in X-ray grating interfer-
ometry to nGI [14] and redesigning the parameters
of the setup, unprecedented visibility of 0.74was
achieved [15]. Figure 12.11 shows the simulated and
measured visibility over the neutron wavelength of
two configurations of the new interferometer (blue,
orange) compared to the previous setup (green).
The excellent performance of the new setup en-
abled the measurements shown in the following.

12.5.2 Influence of Residual Stresses on
DFI

It was possible to separate the influence of resid-
ual stress states from embossing on the DFI signal
by normalizing the signal of an embossed sample
to a non-embossed reference sample for each pixel.
This results in a relative signal indicating an increase
(decrease) in domain structure size by embossing
if it is greater (less) than 1 and eliminates poten-
tial contributions of scattering by other structures.
Figure 12.12 a shows the normalized DFI signal of
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Figure 12.11 Comparison of simulation to
measured visibility [15].

a sample embossed with a spherical punch while
applying an external magnetic field of 3.330A/m.
The red ring marks the diameter of the spherical
punch and the position of the embossing. The
embossed area shows significantly decreased nor-
malized DFI, indicating lower states of magneti-
zation in the embossed sample compared to the
non-embossed reference. This was shown to be a
direct result of the residual stress states by compar-
ing to an identically embossed and annealed sam-
ple shown in figure 12.12 b. The embossing is again
marked with a red circle and a slight change in nor-
malized DFI can be observed in the embossed area.
However the entire large surrounding area is now
in a state of magnetization comparable to the refer-
ence sample. This shows that the changeDFI signal
is indeed originating from residual stress states in
the electrical steel sheet.

12.5.3 Determination of Optimal
Embossing Punch Shape

To determine the ideal shape of the embossing
punch, several options were compared using DFI.
Figure 12.13 a shows the resulting normalized DFI
signal for embossing with spherical (A), cone-
shaped (B), and cylindrical (C) punch at an external
magnetic field of 3.330A/m. This DFI signal was
averaged azimuthally, shown in figure 12.13b. This
indicates a similar maximum reduction in DFI for
the spherical and cone-shaped punch but a larger
area of influence for the spherical punch. The cylin-
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b)

a)

5 mm

1.5

1.0

0.5

Figure 12.12 Comparison of (a) an electri-
cal steel sheet and (b) an annealed electrical
steel sheet in an applied magnetic field of
3.330A/m [5].
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Figure 12.13 Analysis of the influence of
different embossing shapes on the scattering
contrast [15].

drical punch has a strong reduction, albeit not as
strong as the others, on the edge of the punch, level-
ing off toward the center. This shows that pointed
punches are beneficial compared to large flat areas
to achieve high degradation of the local magnetic

properties while minimizing the effect on adjacent
non-embossed regions.

12.5.4 Validation of Mechanical
Simulations

The data presented in figure 12.13 indicates that it
is beneficial to performmultiple small embossings
with sharp-edged punches to form magnetic flux
barriers. Consequently, the area of steel affected by
the embossing can be controlled and high degra-
dation of the magnetic properties is achieved. Bar-
riers were therefore manufactured by sequential
embossing using a pyramidal punch as shown in
figure 12.2. This process was simulated and per-
formed for different embossing forces. The aver-
age hydrostatic stress component taken from sim-
ulations is shown in figure 12.6 and shows strong
variations perpendicular as well as parallel to the
embossing line between compressive and tensile
stress states. As compressive stress states show sig-
nificantly higher degradation of magnetic proper-
ties compared to tensile stress states of a similar
level [16], the spatial distribution of compressive
stresses can be seen in the DFI map of sequentially
embossed steel sheets, as shown in figures 12.14 a
and 12.14 b for 100N and 200N, respectively. At
x = 0mm to x = 0.5mm a small stripe of tensile
stresses in z-direction is present which is matched
by a high normalized DFI signal, followed in x-
direction by low normalized DFI originating from
a large area with compressive stress. The higher
embossing force in figure 12.14 b results in a larger
area being affected in z-direction as well as lower
DFI compared to the lower force in figure 12.14 a.
The stress states change from compressive to ten-
sile in the range of x = 6mm to 9mm for both
forces accompanied by higher normalized DFI val-
ues. Above x = 9mm an area of compressive
stresses elongated in z-direction is present and espe-
cially pronounced for 200N, resulting in a reduc-
tion of normalized DFI signal. The local change
in DFI signal originating from changes in the mag-
netic properties due to residual stresses matches
the simulations of the stress state due to the man-
ufacturing process very well. We, therefore, con-
clude that the simulations accurately depict the
stress state in the material and that nGI is very well
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a)

b)

Figure 12.14Normalized nGI signal for
100N (a) and 200N (b) per point. A mag-
netic field of 813A/m has been applied in
z-direction.

suited to map even complex distributions of mag-
netization states influenced by residual stress.

12.6 Results

12.6.1 Repeatable Results

The decisive criterion concerning the usability of
residual stress-basedfluxbarriers is the reproducibil-

ity of the embossing process and the stability of
their effectiveness during operation. Extensive stud-
ies were carried out to examine the two criteriamen-
tioned as part of the second project phase. A circu-
lar section was cut out of a sample to ensure repro-
ducibility and enable comparison between conven-
tional and stress-based flux barriers. The compar-
ison samples provided the same area with sequen-
tially executed embossing points. The embossing
force was varied between 50 , 100 and 200N. The
embossing with 100N was carried out five times
to examine the reproducibility of the process. An
unprocessed reference sample of the same geome-
try is compared to the conventional cutout and the
flux barriers embossed with different forces. As can
be seen from figure 12.15, the residual stress-based
flux barriers already have an effect comparable to
that of the cutout sample on the magnetizability of
the sample at an embossing force of 50N. With in-
creasing embossing force, the residual stress-based
flux barriers show a greater reduction in μr than
the cut barrier. Although the identically designed
samples with an embossing force of 100 N show
slight deviations in the area of low magnetization,
in the overall picture the deviations are negligibly
small so that sufficient stability of the flux barriers
can be stated. [8]

Figure 12.15 Relative permeability μr of
sequentially executed circular embossing
geometries against an unprocessed reference
sample and cutout circle at 50 Hz [8].
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12.6.2 Magnetic Flux Guidance

In chapter 12.6.1 the influence of embossing on the
magnetic behavior of the electrical steel is shown.
To validate the functionality of embossings as mag-
netic flux barriers the magnetic flux guidance was
evaluated. The magnetic flux barriers lead to a con-
centration of magnetic flux, indicated by a normal-
ized DFI signal greater than 1 above and below the
barrier (areas 3 and 4), see figure 12.16. The flux con-
centration is stronger for the cutout (area 3) com-
pared to the embossed flux barrier (area 4). This is
to be expected, as while the local magnetic perme-
ability in the embossed barrier is strongly reduced
due to the Villari effect, it is still higher than the
permeability of air. Area 1 exhibits high normalized
DFI signal due to missing sheet material, whereas
area 2 shows low normalized DFI because of the
deteriorated magnetic properties from embossing
with multiple small punches. The flux guidance
with large embossing points is shown in [4, 5].

1

Hm Hm
3

3

3m
m 2

4

4

3.
5m
m

Figure 12.16 Comparison of magnetic
flux distribution using cutout and em-
bossed flux barrier under magnetic field of
Hm = 800Am−1 [8].

12.6.3 Embossing Patterns and Embossing
Force

Using the new die-based embossing device, samples
were embossed from the top and bottom in various
patterns. The magnetic permeability of samples
embossed with patterns A-A and B-A (figure 12.3)
with varying embossing forces are presented exem-
plarily in figure 12.17. Both graphs show the ex-

Figure 12.17Measurement results of em-
bossed sheets with embossing patterns A-A (a)
and B-A (b).

cellent controllability of the magneto-mechanical
flux displacement through the respective emboss-
ing forces and the resulting residual stresses in the
material. Compared to the unembossed reference
sample shown in black in both figures, a significant
reduction in the relative permeability μr of up to
87% can be seen for the offset embossing pattern
B-A.

For a better comparison of different embossing pat-
terns and their effect on relative magnetic perme-
ability, the impact of the embossing patterns on
magnetizability at an embossing force of 150 kN is
presented in figure 12.18. The blue curve of the sam-
ple embossed from above and below in the same
position (sample A-A) shows the highest relative
magnetic permeability (μr(Jm)). In comparison,
the pattern A-B has the lowest relative permeability
due to the offset of the embossing points orthogo-
nally to the direction of magnetization. Especially
concerning the stackability of the electrical lami-
nations, the offset pattern B-B is assumably best
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Figure 12.18 Comparison of the four different
embossing patterns with an embossing force
of 150 kN.

because of minimumwarping and almost the high-
est reduction magnetic of magnetic permeability.
This versionof the embossingprocess is themethod
of choice for building direction-independent flux
barriers with symmetrical embossing patterns.

Another point of interest is the difference between
the two anisotropic embossing strategies. The sam-
ple with the embossing lines (A-B) aligned orthogo-
nally to the magnetization direction has the lowest
magnetic permeability of all four embossing pat-
terns examined. In comparison, the permeability
of the sample with embossed lines (B-A) aligned
parallel to the direction of magnetization is less re-
duced but can still be considered superior to the
sample embossed with pattern A-A in terms of its
effectiveness as a flux barrier.

These results demonstrate the possibility of induc-
ing some form of magnetic anisotropy in the resid-
ual stress-based flux barriers using specific emboss-
ing patterns. Adjusted process parameters such as
line spacing, embossing dot density, and embossing
force create further exciting possibilities for using
residual stress-based flux barriers in certain areas of
the magnetic circuit of rotating electrical machines.
Other embossing patterns are shown in [8].

12.6.4 Residual Stress Distribution and
Magnetic Behavior under Tensile
Load

Since the rotors of electrical machines are exposed
to considerable centrifugal forces with increasing
speeds, the residual stress’s stability and effective-
ness over a wide range of tensile stresses must be
guaranteed. For this purpose, an unembossed refer-
ence sample, an embossed flux barrier, and a homo-
geneously embossed sample were subjected to dif-
ferent tensile loads and characterized numerically
and magnetically.

In figure 12.19, the consequences of tensile load on
the residual stress distribution of an embossed flux
barrier are shown. The key parameters are the hy-
drostatic σhydrostatic and normal stresses σ11 in the
direction of magnetization averaged in the direc-
tion of sheet thickness. Additionally, nGI measure-
ments were performed during in-situ tensile load-
ing of embossedmagnetic flux barriers to verify the
spatial distribution of the residual stress states.

In general, the hydrostatic tensile stresses increases
due to tensile load. The high compressive stresses
close to the embossing points remains. Hence the
functionality of the flux barrier is given. A tensile
stress concentration is detected in the unembossed
area when the normal stress value σ11 is examined.
Hence, the tensile load results in a high magnetic
material deterioration of the areas without emboss-
ing. This effect will be stronger for samples with
conventional magnetic flux barriers because the
smaller cross-section is under the same load. [10]

Single-sheet-tests are performed on unembossed
and homogeneously embossed samples to evaluate
the effect on the magnetic properties. In this case,
relative permeabilityμr is the comparison criterion.
Figure 12.20 shows that the relative permeability μr

of the homogeneously embossed sample decreases
less with increasing mechanical tensile stresses than
the reference sample. However, the measured per-
meability is below the reference sample at every
tested mechanical tensile stresses σ.
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Figure 12.19 Residual stress distribution of
an embossed specimen under tensile load of
0 , 100 and 200MPa: hydrostatic stresses
σhydrostatic and stresses σ11 in the direction of
magnetization. [10]

These results are in good agreement with the DFI
data. By selecting and averaging over distinct ar-
eas of the DFI map the difference in magnetization
state due to increasing tensile load and applied field
for non-embossed and embossed regions can be
shown, see figure 12.21 a. The resulting magnetiza-
tion curves show an apparent decrease in DFI with
increasing tensile load, especially for low magnetic
field (figure 12.21 b). However, the magnetization
state of the embossed barrier (blue) is lower than

Figure 12.20 Unembossed reference sample
and homogeneously embossed sample under
additional mechanical tensile stress. [10]

the non-embossed region (grey) for every given ten-
sile load. To sum up, mechanical tensile loads, such
as those that arise due to the centrifugal forces dur-
ing operation in the rotor lamination stack, do not
reduce the effectiveness of the residual stress-based
flux barriers but rather increase them. [10]

12.7 Summary

In the project, embossing-induced residual flux
guidance was analyzed to enhance the energy
efficiency of electric drives. The results show
that the principle of magnetic flux guidance with
embossing-induced residual stresses works. The
embossing of electrical steel leads to a change in
residual stresses, and the residual stress distribu-
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Figure 12.21 Influence of tensile loading on
the DFI signal of embossed flux barriers.

tion can be adjusted by embossing parameters. The
residual stresses were evaluated numerically with
finite element analysis and experimentally with
nanoindentation tests. Succeeding the sample pro-
duction, the impact of embossing-induced residual
stresses on the magnetic material properties was
evaluated. Single sheet tests measure the magnetic
permeability, which is reduced for embossed electri-
cal steel. Variations of embossing patterns – the dis-
tance between and number of embossing points –
and the embossing force reduce the magnetic per-
meability differently. Additional to the measure-
ments of global magnetic material properties, local
measurements with neutron grating interferome-
try and vector-hysteresis measurements were per-
formed. The dark field images validated the local
deterioration of magnetic material properties and
the magnetic flux guidance. With vector hysteresis,
the path of the magnetic flux was visualized. Based
on these results, the functionality of embossedmag-
netic flux barriers is validated, and the process and
measurement procedures were optimized.

The research in the DFG priority program focused
on the fundamental analysis of embossedmagnetic
flux barriers. The first evaluations of the applicabil-

ity in electric drives were made, such as the behav-
ior of embossed electrical steel under tensile strain,
which was used to model the centrifugal forces act-
ing on the rotor of an electric drive. The industrial
manufacturing process with a stamping tool also
produces wear on the embossing geometry. The
change in the tool geometry varies only on a small
scale in the residual stress distribution. To enable
the application of embossed magnetic flux barriers
in industrially produced electric drives, further re-
search in cooperation with industry is necessary.

Abbreviations

B magnetic flux density
DFG German Research Foundation
DFI dark-field image
FEA Finite Element Analysis
γσ,B angle between magnetization and

mechanical main stress direction
G0 source grating
G1 phase grating
G2 analyzer grating
H magnetic field strength
IEM Institute of Electrical Machines
MLZ Heinz Maier-Leibnitz Zentrum
μ magnetic permeability
μr relative magnetic permeability
nGI neutron grating interferometry
NGOES non-grain-oriented electrical steel
PMSM permanent magnet synchronous

machines
σ mechanical stress
σ11 normal stress in direction of magneti-

zation
σhydrostatic hydrostatic stress
SynRM synchronous reluctance machines
SST single-sheet-testing
USANS ultra small angle neutron scattering
utg Chair of Metal Forming and Casting
xk core loss model
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13 Targeted Introduction of Residual Stresses through
Suitable Forming Processes to Produce Bistable,
Metallic, Fully Closed Tube Profiles

Hirt, G.; Pavliuchenko, P.; Ringel, A.

GEPRIS 374688658

13.1 Introduction

Bistable structures are mechanical systems or de-
vices characterized by two stable equilibrium states
or configurations. These structures are widely used
in various applications, particularly in mechanical
and electromechanical devices that undergo state
transitions. They are also of great importance in
the field of deployable structures, offering the pos-
sibility of designing mechanisms capable of reliable
transitions from their compacted form to the de-
sired operational configuration.

Generally, deployable structures canbemonostable,
bistable or multistable, depending onwhether they
have one, two or more stable geometric states.
Prominent examples of monostable structures are
conventional steel tapemeasures. However,monos-
table structures with a cross section angle of more
than 360◦ are also used in space as STEMs (Stored
Tubular Extendable Members) [1]. The stable state
is the extended state, and for storage and trans-
port (in the rolled-up, unstable state) a housing is
required to prevent uncontrolled unfolding (fig-
ure 13.1 a). However, this enclosure is typically
much heavier and bulkier than the lightweight
structure itself, thus contributing to the transport
weight and ultimately the transport cost [2, 3]. Un-
like monostable structures, bistable structures in-
herently have two stable states, eliminating the need
for a housing and thus reduce the transport weight
and volume (figure 13.1 b).

Bistable, fully closed profiles can be used as long
support structures that can be coiled into a com-

pact transport geometry and uncoiled on site. This
has several potential applications, such as support
structures for roll-out photovoltaic modules [4] or
portable antennamasts [5]. The volume andweight
advantages mentioned above are crucial for space
applications, offering improved dimensional sta-
bility during launch and a significant reduction in
inertia during space manoeuvres [6]. Thus, using
bistable, fully closed profiles allows the construc-
tion of larger systems such as satellite antennas [7]
and the deployment of solar sails [8].

Bistable, fully closed tube profiles made from fiber
composites are already on the market. The the
bistability is not due to residual stresses but to the

Figure 13.1 Schematic representation of a
monostable tube with housing (a) and a fully
closed bistable shell without housing (b) [9].
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anisotropic properties of the composite and a spe-
cial layer structure [10]. The main objective of
this research project is to develop a manufactur-
ing process for the targeted introduction of resid-
ual stresses during continuous forming of metallic
high strength strip materials in order to produce
metallic, bistable, fully closed tube profiles.

13.2 Bistability in Thin Metal Sheets

Residual stresses can be introduced into the metal
sheet by plastic deformation such as bending. In
the case of pure bending, there is a linear distri-
bution of strain ε(y) across the thickness of the
sheet as a function of distance from the neutral
axis (figure 13.2 a). Positive strains (tension) occur
on the convex side and negative strains (compres-
sion) on the concave side. The stress-strain relation-
ship gives the corresponding stressσ(y) curve under
load. After the applied load is removed, the spring-
back effect takes place, causing the sheet metal to
quickly transition to a deformed equilibrium geom-
etry. The residual stress σres(y) and strain εres(y)
after springback is depicted in figure 13.2 b [11].

Figure 13.2 Residual stress due to bending.
Stress and strain distribution through the sheet
thickness after deformation (a) and after spring-
back (b) [11].

The approach described above could allow the pro-
duction of monostable tubes (see figure 13.1 a),
which are stable only in the unfolded state. Bistabil-
ity can be reached in a two-step deformation pro-
cess. Kebadze et al. [3] bent BeCu sheet material
into a cylindrical stable structure in a first forming
step. A suitable heat treatment removed the exist-
ing residual stresses. In a second step, the sheet was

bent in the opposite direction and also perpendic-
ularly to the first bending axis [3, 12]. This forming
step is performed at room temperature to maintain
the residual stresses, which create the bistable struc-
ture with two stable states. To avoid changes in the
material properties and simplify the process, the
heat treatment has been omitted for steel materials.
The residual stress distribution will look as shown
in figure 13.3. The stresses in y-axis (σy) are respon-
sible for the first stable state (figure 13.3 a). Since
they are comparably large, a small stable radius will
result. The rather small stresses in x-axis (σx) of
the second stable state produce a larger radius (fig-
ure 13.3 b).

Although the basic research into the possibility of
producing bistable metal sheets had already been
carried out, there was a gap in the knowledge about
the influence of different material and manufactur-
ing process parameters on the bistability and on
the radii of stable geometries. By knowing the rela-
tionship between these parameters and the radii of
stable geometries, it is possible to design the manu-

Figure 13.3 Sheet geometry and distribution
of residual stresses along the sheet thickness in
the first (a) and second (b) stable states of the
bistable sheet [13].
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Table 13.1Material properties

Steel Young’s
modulus
(GPa)

Yield
strength
(MPa)

Q b C γ

1.1274
(1st batch)

208 1689 250 122 30643 122

1.1274
(2nd batch)

212 1810 235 154 36349 154

1.4310 192 908 158 172 27132 172

facturing process to produce bistable, fully closed
metal tubes. Consequently, this research deals with
various experimental and simulation-based meth-
ods used tomanufacture those bistable profiles and
to investigate the aforementioned relationships.

13.3 Materials

Materials with high yield strength and low thick-
ness are used as starting materials for the produc-
tion of bistable sheets. The level of the yield
strength determines the size of the elastic deforma-
tion range. The thickness together with the yield
strength defines the maximum strain in the sheet
surface at a given bending radius [14].

Two main materials were considered for the pro-
duction of bistable metal tubes: the martensitic
spring steel 1.1274 and the austenitic steel 1.4310.
Figure 13.4 shows the averaged flow curves from
six tensile tests per material or material batch with
two samples taken at 0◦, 45◦ and 90◦ to the rolling
direction. Finally, flow curve equations were fitted
from the experimental results (see figure 13.4). Since
accurate knowledge of Young’s modulus and yield
strength is essential for predicting residual stresses,
tensile tests were also carried outwith simultaneous
measurement of temperature change. During the
tensile test, the specimen temperature decreases in
the elastic region (volume increase) and increases in
the plastic region (dissipation). By measuring the
temperature minimum, the onset of plastic defor-

mation can be determined more accurately. The
material property data is given in table 13.1.

Figure 13.4 Flow curves and fitted flow curves
for the isotropic-kinematic hardening law: σ0 –
yield point, Q – maximum change in isotropic
yield area, b – rate of change in isotropic yield
area, C–kinematic hardeningmodulus, γ – rate
of change in kinematic hardening.

13.4 Considered Production Process
Strategies

The bistability of a metal sheet can be reached by
plastic bending of the sheet around two perpen-
dicular axes in two opposite directions [13]. Initial
tests showed that small bending radii were required
to induce sufficient plastification in the thin, high-
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Figure 13.5 Developed process routes for the production of bistable profiles: a) incremental die
bending around both sheet axes, b) incremental die bending and roll forming [15].

strength sheet, making it impossible to bend the
sheet into the tube in one step. To overcome this
obstacle, early production attempts used an incre-
mental die bendingprocess over small bending radii
(see figure 13.5 a). This production process allowed
the manufacturing of bistable sheets with a fully
closed geometry in one of the stable states [9].

On the other hand, the incremental die bending
process is not suitable for theproductionof bistable
tubes of arbitrary and theoretically infinite length,
since the maximum length of the tube is limited
by the length of the die. Therefore, a process for
roll-forming the sheet in the longitudinal direction
was established as a second production step after in-
cremental bending in the transverse direction [16].
However, it should also be noted that roll form-
ing of thin, high yield strength sheet metal requires
rolls with small forming radii and therefore a large
number of roll stands [15].

Therefore, two main production routes are pro-
posed: two-step incremental die bending along
two orthogonal axes in two opposite directions
(PR1, figure 13.5 a) and initial incremental bending
along the shorter side of the sheet and subsequent
roll forming in orthogonal direction within several
passes (PR2, figure 13.5 b).

13.4.1 Two-step Incremental Bending PR1

The production of the bistable tubes with the in-
cremental die bending process (see figure 13.5 a)
was investigated by numerical simulations, semi-
analytical modeling and experimental approaches.
With those methods the influences of the produc-
tion process and of the material properties on the
bistability and the radii of stable states was investi-
gated.

Numerical Simulations

In order to investigate the influence of bending
radii on bistability a three-dimensional FE model
was built using Abaqus/CAE software incorporat-
ing the material data. The model consists of two
bending and two guide tools, reproducing the kine-
matics of the bending process (see figure 13.6). The
model covers the following steps:

� Step 1: Initial state.
� Step 2: The upper guide toolmoves downwards

and bends the sheet over the lower bending tool
of radius r1 around the y-axis.

� Step 3: After springback and flattening of the
shell, the lower guide tool moves upwards and
bends the shell in opposite direction around the
x-axis over the upper bending tool of radius r2.
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Figure 13.6 FE model of incremental bending,
showing themiddle layer of the sheet (1 – Upper
bending tool with radius r2; 2 – Shell part; 3 –
Upper guide tool; 4 – Lower bending tool with
radius r1; 5 – Lower guide tool) [9].

� Step 4: Springback and achievement of the first
stable state.

� Step 5: Bending the shell slightly around the
y-axis using the upper guide tool with the aim
of testing for a second stable state.

The model was used to examine which combina-
tions of bending radii led to a bistable structure.
The results (see figure 13.7) of the parameter study
show the possibility of producing bistable sheets
using a single stroke die bending process [9]. The
model showed that it is possible to produce bistable
structures with a curvature in the stable states [9].
Thus, a fully closed tubular geometry is theoreti-
cally possible.

The single stroke FEmodel could only be employed
to define the parameters leading to bistability. In
order to reflect the incremental die bending process
in numerical simulations, an improved FE model,
which can model the individual die strokes over
the length of the sheet was required. The model
was created using Abaqus/CAE software and de-
signed to further investigate the influencing process
parameters (see figure 13.9 a). The whole simula-
tion process is divided into the following steps (fig-

ure 13.5 a): incremental bending of the sheet along
the y-axis in the positive z-direction→ flattening
of the sheet→ incremental bending of the sheet
along the x-axis in negative z-direction→ flattening
of the sheet→ bistability test by bending the sheet
slightly in positive z-direction. The feed distance
between the bending strokes (lateral displacement
of the sheet) is kept constant and is equal to the
current bending radius. The step size and the sheet
size thus determine the number of bending opera-
tions. In the parameter study, the influence of the
bending radii rsa (bending radius along the short
axis) and rla (bending radius along the long axis) is
examined in the range from 6 to 10mm [15].

Figure 13.8 shows the simulation results (achieved
bistability, radii of both stable geometries) for the
steels 1.1274 and 1.4310. In general, bistable prop-
erties can be achieved with different radii of stable
geometries for both steel grades. The relationship
between the combinations of bending radii and the
radii of the resulting stable geometries is not linear.

Figure 13.7Main simulation steps and related
vonMises equivalent stress distribution on the
visible surface.
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However, it can be generally concluded that using
the smallest possible combinations of bending radii
(rsa = rla = 6mm) could result in a smallest ra-
dius of the first stable geometry, but a large radius in
the second one (e.g., 30mm and 64mm for 1.1274
steel and 18mm and 848mm for 1.4310 steel). By
increasing the second bending radius, the combi-
nation of the smallest possible stable geometries
can be achieved (e.g., 56mm and 45mm for 1.1274
steel and 41mm and 43mm for 1.4310 steel). For
a 300mmwide sheet the fully closed geometry is
achieved at a 48mm radius. As the simulation re-
sults show, it is possible to produce a fully closed
tubular geometry in at least one stable state.

Figure 13.8 Results of simulations of steels
1.1274 (1st batch) and 1.4310 for both stable states
by PR1 [15].

Also the following observations can be made:

� Larger first bending radii can be used for steel
1.1274 compared to 1.4310 to achieve bistable
properties.

� Steel 1.4310 allows larger radii within the second
bending than 1.1274. The reason for these two
observations lies in the influence and interac-
tion of parameters such as Young’s modulus,

yield strength, bending radii etc. on the residual
stress distribution in the sheet.

� Since the residual stresses introduced in the in-
dividual bending operations are superimposed,
there are differences in the profile radii achieved
depending on the used bending radii.

Semi-analytical Model

Although FE models can be used to simulate com-
plex manufacturing processes and provide reliable
results, themain disadvantage of suchmodels is the
long simulation time. A semi-analytical model can
essentially capture the influence ofmaterial parame-
ters such as sheet thickness, Young’smodulus, yield
strength and yield curve and process parameters
such as bending radius combinations and return
the achievability of bistability and the radii of the
stable geometries. Such amodel could calculate the
result for a given set of parameters in seconds and
thus perform an initial parameter study to define
the appropriate process and material parameters
for further investigations with FE models and ex-
periments.

Therefore, an appropriate semi-analytical model
was set up. The model assumes that the bending
is uniform over the whole sheet, making it more
suitable for incremental bending tests. It takes the
bending moments into account to calculate the
stable geometries. To account for isotropic and
kinematic hardening during plastic deformation,
a combined isotropic-kinematic hardening model
based on material parameters was added. Several
assumptions are made to allow fast calculation and
to solve the equations describing the deformation
during bending [3, 17], which can be summarised
as follows:

� Plane stress condition due to the large ratio of
sheet width to sheet thickness.

� No stresses perpendicular to the sheet surface.
� Application of pure bending load.
� No change in sheet thickness during bending.
� The neutral bending axis is always in the centre

of the sheet.
� The stress-strain characteristic of the material is

the same for tension and compression.
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Figure 13.9 FE simulations: a) incremental die bending, b) roll forming and c) simulated radii of
curvature of steels 1.1274 (1st batch) and 1.4310 for both stable states by PR2 [15].

� The planes perpendicular to the neutral axis re-
main perpendicular to this axis during bending.

Thewhole chain of the bending process is shown in
figure 13.10 using the stress state and the vonMises
yield criteria. The yield point represents the stresses
on the sheet surface. Point A corresponds to the
unstressed flat sheet. At the start of the first bend
about the y-axis, the sheet initially deforms elasti-
cally until the stress state reaches point B. This is
followed by plastic deformation to point C. Dur-
ing plastic deformation, hardening occurs and the
yield curve shifts from its initial position. After
plastic deformation, the material relaxes linearly to
point D. After springback, the sheet continues to
bend to the flattened state (point E). From the flat-
tened state, bending about the x-axis begins. This
step also consists of elastic deformation up to point
F and plastic deformation up to point G. Point H
corresponds to the configuration after springback
after the second bend. By bending the sheet to the

flat geometry (point I) and further bending in the
opposite direction around the y-axis, the second
stable state is reached at point J [13, 18].

During plastic deformation, the yield locus shifts
(kinematic fraction) and increases (isotropic frac-
tion). The ratio of kinematic and isotropic frac-
tions was determined for each material using an
inverse modeling approach. The model parameters
of the simulations were iteratively adjusted until a
minimum deviation from the experimental results
was obtained.

Due to the short computation times, the semi-
analytical model was used for sensitivity analysis.
The influence of the bending radius combination
on the bistability was investigated for steel 1.1274
with bending radii from 4mm to 12mm in incre-
ments of 0.1mm. The results are shown in fig-
ure 13.11. It can be seen that the results of the semi-
analytical model are in good agreement with the
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Figure 13.10 Yield locus shift and stress evolu-
tion during bending operations [13].

numerical model (figure 13.8). By reducing the first
and second bending radii, the smallest geometry
in the first stable state could be achieved, but the
geometry of the second stable state will increase.
On the other hand, by increasing the second bend-
ing radius, the geometry of the second stable state
could be reduced.

Figure 13.12 a generally shows the effect of yield
strength for 1.1274 over a range from 1.500MPa
to 1.900MPa. As an example, the results are
shown for an equal first and second bending ra-
dius (r1 = r2). While the influence is hardly
noticeable for small bending radius combinations
(r1 = r2 = 6mm), for larger bending radius com-
binations (r1 = r2 = 9mm) almost no resid-
ual curvature (corresponding to very large stable
geometries) can be observed in both stable states.
Forming with small bending radii allows plastic de-
formation tobe achieveddespite high yield strength
and a higher overall process reliability can be ob-
served. At the same time, these results explain why
there are sometimes larger deviations between simu-
lation and experiment for larger bending radii (e.g.,
from r1 = r2 = 7mm), since even small fluctua-
tions between simulated and real yield strength lead
to significant changes in the radii of stable states.

Figure 13.12 b shows the radius of curvature of the
first and second stable layers as a function of sheet
thickness varying from0.175 to0.225mm for steel
1.1274. It can be seen that the radii of stable geome-
tries decrease with increasing sheet thickness. For
small bending radii, the influence of the sheet thick-
ness is small because there is still sufficient plasticity
to introduce residual stresses.

13.4.2 Incremental Bending Followed by
Roll Forming PR2

PR2 consists of an initial incremental die bend-
ing along the shorter side of the sheet followed by
roll forming in the orthogonal direction (see fig-
ure 13.5 b). In this process, the length of the bend-
ing die only limits the profile width and the profile
length is theoretically unlimited. However, this
process route requires two machines.

Numerical Simulations

Three-dimensional FE models of the incremental
bending and roll forming processes were used to
determine the attainability of bistable properties
and to estimate the achievable curvature radii of the
structures more accurately (see figure 13.5 b). The
feeddistance is kept constant and equals the current
bending or rolling radius, respectively. After each
roll forming pass the sheet is flattened and rolling
tools are positioned for the next pass. The numeri-
cal roll formingmodel is depicted in figure 13.9 b.

In the parameter study the influence of the bending
radius rsa of incremental bending and rolling ra-
dius rrf of roll forming is investigated in the range
of 6 to 10mm. Figure 13.9 c shows the simula-
tion results (achieved bistability, radii of stable ge-
ometries). Bistable properties were achieved for
both steels. The results show similar tendencies
as for PR1: (1) larger radii can be used in incre-
mental bending for 1.1274 compared to 1.4310 to
achieve bistable properties; (2) 1.4310 allows larger
radii within the roll forming step (2nd bending)
than 1.1274. Comparing PR1 and PR2 it can be
found that PR1 produces smaller first stable radii
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Figure 13.11 Bistability and radii of a) first and b) second stable geometries for steel 1.1274 (1st batch)
as a function of different combinations of bending radii [16].

Figure 13.12 a) Dependence of the first and second stable radius of curvature on the yield strength for
different bending radii combinations for 1.1274; b) dependence of the first and second stable radius
of curvature on the sheet thickness for different bending radii combinations for 1.1274.

and larger second stable radii compared to PR2 for
both materials.

13.4.3 Validation of the Models

In order to validate the simulations, experiments
were carried out to produce bistable sheet struc-

tures. The experiments were carried out for both
production routes PR1 [15] and PR2 [16]. Sev-
eral combinations of bending radii were tested, re-
sulting in the successful manufacturing of bistable
sheets with a fully closed tubular geometry and
a folded transport geometry [9]. Two steels with
two different initial yield strength (1.1274 with
1.690MPa and 1.4310 with 870MPa, see fig-
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Figure 13.13 Bistable tubes produced by two
step incremental die bending process.

ure 13.4) and comparable strain hardening are used
in experiments. The experimental results show
good qualitative agreement with the simulated re-
sults. The fabricated bistable tubes are shown in
figure 13.13.

13.4.4 Experimental Determination of
Residual Stress Distribution

The residual stress distribution introduced by the
formingprocesses is crucial to achieve bistable prop-
erties. At the IWT in Bremen, residual stress mea-
surements were carried out on deformed sheets of
steels 1.1274 (1st batch) and 1.4310 to determine the
residual stress distribution across the entire sheet
thickness. For this purpose, the material was chem-
ically removed and the residual stresses were then
measured by X-ray diffraction approximately every
0.02mm. The samples were selected from the two-
stage die bending process (PR1, see figure 13.5 a)
and from incremental die bending followed by roll
forming (PR2, see figure 13.5 b). The selected and
measured samples had the smallest radius of cur-
vature in the unfolded state, which were achieved
by the respective process routes so far. For pro-
files produced by PR2 (see figure 13.14, blue) the
stresses, particularly in the y-direction, are lower
near the surface compared to the profiles produced
by PR2 (black). The reason for the different ex-
pression of residual stresses must be the different
way in which residual stresses are introduced into

Figure 13.14Comparison of the residual stresses
generated (measured at IWT Bremen) and radii
of stable states of steels 1.1274 (1st batch) and
1.4310 for both stable states andboth production
routes.

the sheet during roll forming, as the first process
step (incremental die bending) is identical for both
process routes.

13.5 12-stand Roll Forming Process

The roll forming process of PR2 only uses one pair
of rollers and the sheet must be positioned manu-
ally. This leads to a time consuming process chain
and problems with the repeatability of the bend-
ing. Therefore, an improvement of the roll forming
process is required. The final design includes nu-
merical calculation of the optimum arrangement
of several pairs of rolls so that bistable, fully closed
tubes can be produced using all 12 roll stands of the
roll forming machine available at IBF. The use of
additional rolls and roll stands inevitably results in
better sheet guidance. However, this also results
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Figure 13.15 Roll forming process: a) FE simulations of 12-stand roll forming process; b) profile
rollers and c) the roll forming machine at IBF.

in a mutual influence of the material inside the up-
stream and downstream roll stands, so that a nu-
merical design of all roll pairs used in the entire roll
forming machine is necessary (figure 13.15).

The numerical FE model of the roll forming pro-
cess consists of the 12 roll stands and was created
using Abaqus/CAE. The model consists of 12 pairs
of rolls made as analytical rigid parts and the de-
formable sheet part. To prevent the free edges of
the sheet from coming into contact with the shafts
during roll forming, the rolls were designed with a
modified geometry. The material sides were bent
with a large radius in a more horizontal position.
The results of the model show the general applica-
bility of the proposed roll geometry in the 12-roll
stand forming machine for the production of tube
profiles.

13.6 Properties of the Bistable
Profiles

In the previous chapters, the produced bistable
structures were evaluated only in terms of achiev-
ing bistable properties and final radii of stable ge-
ometries. However, it is also important to investi-
gate the mechanical properties of such structures.
Therefore, the stiffness of the bistable structures
as well as the residual stress stability was investi-
gated.

13.6.1 Stiffness of the Deployed Structure

The stiffness of the bistable structure is essential for
an usage as load-bearing part. Thus, the stiffness
of different circular arc profiles and their behav-

DFG Priority Program 2013



Targeted Introduction of Residual Stresses through Suitable Forming Processes
. . .

| 227

ior under different loads is of great interest. Ana-
lytical equations provide a way to determine the
critical axial, lateral and rotational loads of cylindri-
cal metal tubes [19]. However, when dealing with
bistable sheets, these equations cannot be applied
directly due to the effects of residual stresses and
the open geometry. Even in fully closed structures,
there is an open seam where the sheet edges only
touch or overlap. Sheets with a smaller curvature
or width will not result in a fully closed tube pro-
file, but rather a circular-arc profile with a reduced
load-bearing capacity. But a circular-arc profilemay
be of interest for weight saving reasons or adapted
manufacturing processes.

In order to investigate the stiffness of the bistable
structure under different conditions, numerical
FE models were developed using Abaqus/CAE
software. Figure 13.16 shows three different ap-
proaches: axial buckling, lateral buckling with two
supports and free edges, and lateral buckling with a
fixed edge. In addition, the corresponding residual
stresses are imported over the sheet thickness. The
sheet length of 1.000mm and width of 300mm
are constant, only the radius of the stable geometry
varies from 48mm (fully closed tube profile) to
500mm (virtually flat profile).

Figure 13.16Numerical simulations for the crit-
ical buckling force of bistable structures: a) axial
buckling; b) lateral buckling with two supports,
and c) lateral buckling with a fixed edge.

Maximum Axial Load

This performance criteria is a measure of the maxi-
mumaxial force that can be applied to the structure
in deployed statewithout causing failure or collapse
(see figure 13.16 a). It is an important measure of
the structure’s performance under loading, partic-
ularly for applications that involve significant axial
forces.

In this model, one edge of the bistable structure in
the deployed state is fixed and the compressive force
is applied to the other edge bymeans of a punch (see
figure 13.16 a). The reaction forces on the punch are
measured. The axial buckling forces are displayed
as a function of the different radii of stable states
and of the sheet thickness in figure 13.17. As it can
be seen, the critical buckling force is maximum at
the smallest radius, which corresponds to a fully
closed profile. As the radius of the stable geometry
increases, the force decreases rapidly. However, it
should be noted that even for a half pipe profile
(around 96 mm radius) the force is around 10 kN,
making it suitable for various applications such as
antenna masts.

Figure 13.17 Critical axial buckling force as a
function of radius in the unfolded stable state
and sheet thickness.

Maximum Lateral Load

This criteria refers to the maximum lateral force
that the unfolded structure can withstand before
collapsing. This is a critical measure of the struc-
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Figure 13.18 Critical lateral buckling force of
the bistable tube with two supports and free
edges as a function of radius of unfolded stable
state and sheet thickness.

ture’s resistance to lateral loading and its overall
stability, especially in applications where the struc-
ture may be subjected to substantial lateral forces.
The maximum lateral load was investigated for two
different cases using FE simulations. For onemodel
(see figure 13.16 b), the bistable sheet in the unfolded
state is placed on two supports and the force is
applied in the middle. The results show (see fig-
ure 13.18), that the critical buckling force is maxi-
mum at the smalllest radius (fully closed profile)
and does not change significantly with increasing
radius until approximately a 250mm radius. This
means that the critical buckling force is the same
for the fully closed profile and the half-pipe profile
in this case.

In the second case (see figure 13.16 c), the bistable
sheet is fixed on one edge in the unfolded state and
the force is again applied by a punch (figure 13.19).
For this type of test the critical buckling force is
maximum for the fully closed profile and drops
rapidly with an increase in the radius of stable state.
At around a 200mm stable state radius a change
in the slope can be observed.

Figure 13.19 Critical lateral buckling force of
the bistable tube with one fixed edge as a func-
tion of radius of unfolded stable state and sheet
thickness.

13.6.2 Thermal Stability of
Forming-induced Residual Stresses

Thermal stability testing was carried out over a tem-
perature range of 150 ◦C to 400 ◦C for both sta-
ble geometries of the steel 1.1274 (1st batch). The
bistable structures were heated to the target tem-
perature in the inert argon atmosphere of a furnace
and kept there for approximately 20min. This was
followed by slow cooling to room temperature in
approximately 24 hours to avoid introducing fur-
ther thermally induced residual stresses. The re-
sults in figure 13.20 a show that the bistable prop-
erty of the sheet treated in the deployed tube ge-
ometry is already lost at 150 ◦C, as the sheet can
no longer be transferred to the transport geome-
try. Therefore no profile radius curve can be plot-
ted. Figure 13.20 b shows the improved stability of
properties when annealed in the transport geome-
try. Bistability is maintained at high temperatures,
although the profile radius increases significantly
above 250 ◦C.

13.6.3 Stability of Residual Stresses at
Room Temperature under Cyclic
State Changes

The aim of the investigations was to analyze the
stability of residual stresses after several changes
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Figure 13.20Radii of stable states after heat treatment in: a) tube geometry and b) transport geometry
of steel 1.1274 (1st batch).

of state. The investigations were carried out on
bistable sheets produced by two-step incremental
die bending and incremental die bending followed
by roll forming with forming radii of r1 = r2 =
6mm. Different numbers of changes between the
stable states of the produced bistable sheets were
carried out. In addition, the profile diameter was
measured after predefined change cycles. Since the
radii of the stable states are defined by the residual
stress distribution, the change in the radii of the
stable states should imply the change in the resid-
ual stresses. The investigations showed that, even
after 100 changes between stable states, no modifi-
cation was detected and the residual stresses could
therefore be considered to be stable.

13.7 Conclusion

This research project focused on investigating the
effect of residual stresses for the manufacturing of
bistablemetal tube profiles. The aimwas to demon-
strate that residual stresses can result in a specific ge-
ometry of the structure, develop appropriate man-
ufacturing processes and analyze the properties of
the bistable structures. The results show that it is
possible to produce the bistable tube profiles from
sheet metal using a two-step production process.
The two-step bending of the thin 1.1274 steel sheet
around the bending radii of 6mm could produce
bistable fully closed tubular profiles with the radius
of the profile in the deployed state of 41mm and

in the coiled state of 101mm. In addition, two
different production routes involving incremental
die bending and roll forming are developed. The
developed process models allow the evaluation of
the appropriate production parameters, such as the
radius of the bending die and the number of roll
forming passes, in order to produce a bistable tube
profile from thematerial of given thickness andme-
chanical properties. Furthermore, the structures
properties such as stiffness as well as thermal and
mechanical stability were analyzed. The knowledge
gained during the project could be directly applied
to the production of bistable metal profiles.
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14 Control of Component Properties in the Rotary Swaging
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14.1 Introduction

Rotary swaging is widely used for near-net-shape se-
rial production of axisymmetric components from
tubes or rods and is known to produce close geo-
metrical tolerances in a process-safe manner. Addi-
tionally, mechanical properties such as static and
dynamic strengths of the parts are positively influ-
enced by the introduction of work hardening as
well as residual stresses during the process. Infeed
rotary swaging produces a complex material flow
with incrementally occurring locally varying de-
grees of elongation and compressionof thematerial.
The material flow can be influenced by the process
control. However, the interaction of the different
influencing variables is only partially known and
in practice leads to a purely geometrical design of
the components. The residual stresses introduced
and the resulting mechanical component proper-
ties have so far not been considered in the process
design for rotary swaging. They do, however, have
the potential of further improving service proper-
ties, in particular enhance fatigue life.

The central hypothesis of the present project was
that residual stresses at the surface and in the bulk
of workpieces can be controlled by process mod-
ifications during infeed rotary swaging and that
fatigue strength can be improved by the targeted
generation of compressive residual stresses in highly
loaded regions.

Suitable methods for investigation and measure-
ment had to be developed/adapted for this purpose
in order to understand and modify the generation
of the residual stresses. Modifications of the process

were defined to influence the state and amplitude
of stresses as well as their distribution at the surface
and in the depth of the workpieces.

The influence on the mechanical properties of the
introduced material modifications, in particular
residual stresses, had then to be assessed, as well as
their stability during service conditions.

During the project, the main investigated material
was the steel grade S355/E355 as rods/tubes with
ferrite-pearlite microstructure, since it has a good
formability and is widely used in rotary swaging.
On the other hand, austenitic stainless steel 1.4305
and 1.4310 with a different capability of forming
strain induced martensite were also investigated
due to their higher strength and therefore higher
sensitivity to residual stresses regarding the fatigue
properties.

14.2 Rotary Swaging Process

Rotary swaging is an incremental open die forg-
ing process. The used swaging machine was a Felss
HU 32V with fully hydrostatic feed with linear di-
rect drive. The machine is equipped with differ-
ent measurement systems to measure forces and
displacement. Processible workpiece initial diame-
ters d0 were∅32mm for tubes and∅20mm for
rods swaging to a diameter d1. The standard length
of the swaged workpieces was 300mm in the fol-
lowing investigations. Depending on the forming
stages different final geometries and diameters are
formable. Furthermore, mandrels can be used to
influence the wall thickness distribution as well as
the workpiece geometry. Depending on the pro-
cess properties (parameters, contact conditions be-
tween the workpiece and the die) and the formed
material, the workpiece can heat up to around
100 ◦C.
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Figure 14.1 Sketch of swaging head.

The process kinetmatics are based on a revolving of
the base jaw with a cam along cylinder rollers that
causes an oscillation of the forming die in radial
direction (stroke), figure 14.1. With each stroke the
material flows elastic-plastically by stretching and
upsetting. The material flow is maintained as the
cylinder roller, the base jaw, the spacer with height
hs and forming die are supported on the outer ring,
thus creating a pressure column defining the am-
plitude and gradient of local plastic deformation
and induced stresses. In this research the spacer
height was set to 5.08mm as a standard value. The
generated closing pressure and closing time with
contact time tk depend on the rotational speed of
the swaging axlewhich is around300 1/min aswell
as the base jaws and die dimensions and can be var-
ied by the height of the spacers. The stroke fol-
lowing angleΔΦ is the relative rotation angle of
workpiece and die between two consecutive strokes.
The rotational speed of the machine resulting in
approximately 34 strokes per second and the rela-
tive feeding of the workpiece to the swaging head,
influences the material flow history.

In infeed rotary swaging, the sample is fed
axially into the swaging head and afterwards
axially retracted with standard infeed rate
of 1,000mm/min and retraction speed of
2,000mm/min. However, if required due to the
swaged material properties or the material flow,
the infeed rate can be changed. Furthermore, the
retraction speed was kept as high as possible due to
a reduction of process time. Thus, according to
its effect on workpiece calibration the retraction
speed can be reduced.

The forming dies feature a reduction zone in which
the main deformation takes place with an opening
angle α (5◦ ≤ α ≤ 15◦). In the adjacent cali-
bration zone, the final geometry (diameters/shape,
roundness, cylindricity, surface quality) is gener-
ated, see figure 14.2 [1].

Figure 14.2 Sketch of swaging die and related
values.

The opening angle of the reduction zone was α =
10◦ and the length of the calibration zone was
20mm in the dies used in this research. The reduc-
tion zone and the calibration zone were connected
by a transition radius 20mm. In the exit zone, the
workpiece was gradually unloaded. The zones were
equipped with a round shape crosswise to the in-
feed direction [2], but also flat dies can be used to
produce round [3] as well as polygonal cross sec-
tions [4]. As a standard value for round shaped
dies a slightly increased – approximately 2− 6%
higher – die radius r is given. According the work-
piece diameter d1 which is defined by the set of dies,
the forge valueS can be calculated by the following
equation.

S =
d1
2

r
≤ 1 (Equation 14.1)

With this it is possible to achieve a particularly good
surface finish and at the same time avoid material
damage [5]. The surfaces of the different die zones
can be modified by coatings. Here for example a
tungsten-carbide coating can be spray-coated on
the reduction zone to increase friction. Diamond-
like carbide coatings (DLC) on dies can be used to
reduce friction, e.g., for lubricant-free dry rotary
swaging. As an overview the different dies are given
in the following table.
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Table 14.1 Swaging dies for experimental
investigations

type r
[mm]

d1
[mm]

S material

1 7.5 round
15

1.00 1.3395
WC

2 7.5 round
15

1.00 1.2379
DLC

3 7.5 round
15

1.00 carbide

4 8.1 round
15

0.93 1.2379

5 - square
15

0 1.2379

6 4.0 round
8

1.00 carbide

7 9.1/8.1 round
17/15

0.93 1.2379

The rotary swaging process was simulated with a
2D-axis-symmetricmodel [6] andwith a3Dmodel
[7]. The simulation analysis was carried out us-
ing the FEM software Abaqus-explicit (Version
6.14). The mesh consisted in the 2D model of
CAX4R and in the 3Dmodel of linearC3D8R
elements using distortion control and hourglass
control. The dies oscillated according to the real
process with stroke height hT of 1mm and a fre-
quency of 37.5Hz. In order to represent the com-
bined kinematic and isotropic strain hardening, the
non-linear combined hardening material model of
Chaboche was used. To evaluate and visualize the
residual stresses during the process, the tools were
virtually retracted at the end of each stroke and the
simulation was continued with a static general un-
loading step to allow the springback. The contact
conditions between the workpiece and dies were
simplified in the simulation by use of Coulomb’s
law with a constant friction coefficient of 0.1 in
penalty contact method.

14.3 Residual Stress Analysis

For the experimental analysis of residual stress
distributions at different length scales, comple-
mentary methods of X-ray diffraction, neutron
diffraction and micromagnetic methods were used
and adapted to the special requirements of rotary
swaged components. The experimental methods
were used to validate FEM simulations of the pro-
cess, allowing the analysis of (residual) stress gener-
ation along the process. For this purpose, among
other things, measurements were carried out in the
volume of solid rods and tubes.

14.3.1 X-Ray Diffraction

X-ray diffraction (XRD) is a nondestructive tech-
nique for residual stress analysis. Due to its low
penetration depth in steel (in general fewmicrome-
ters) thismethodwas applied extensively for surface
residual stress measurement as well as to assess gra-
dients within the first few millimeters by means of
local material removal (depth profile). The residual
stress measurements were performed with a com-
mercial 8-axis diffractometer Type ETA 3003 from
GE Inspection Technologies, equipped with a po-
sition sensitive detector. A beam of 1mm diame-
ter of vanadium filtered Cr-Kα radiation was used.
In the case of steel gradeE355/S355, all residual
stresses were determined using the sin2 ψ-method
with the {211} diffraction peak of α-iron along 13
χ-angles between−45° and+45° and X-ray elastic
constant 1/2S2 = 5.8110− 5MPa−1 [8].

AnnealedE355 steel tubes (∅20×3mm2; 700 ◦C
for 2 hours) were swaged with die type 1 to 15mm.
Figure 14.3 shows the distribution of the axial
and tangential residual stresses along a line at the
surface of a workpiece generated by rotary swag-
ing. The residual stresses were compressive at the
outer surface with values between−300MPa and
−400MPa in axial direction with slight fluctua-
tion and between−250MPa and−300MPa in
tangential direction. This showed that the resid-
ual stress measurements can be inhomogeneously
distributed along the axial position. Since mainly
bending fatigue was considered, mainly axial resid-
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Figure 14.3 Axial and tangential residual stress
distribution measured at the outer surface of
rotary swaged annealedE355 steel tube along a
path in the axial direction.

ual stresses were measured, in order to save time.
Therefore, further results will focus only on the
axial residual stresses.

The residual stress state generated by rotary swag-
ing was also investigated around the circumference
of the same rotary swaged annealedE355 steel tube
at a fixed axial position, see figure 14.4. The re-
sults show that at a fixed axial position, the axial
residual stresses vary also between−300MPa and
−400MPa as already observed in axial direction.
Due to the nature of the process, a helical distribu-
tion of the strokes takes place at the outer surface
of the samples. This can result in a corresponding
distribution of residual stresses, thus showing fluc-
tuations along the axial and circumferential axes.

14.3.2 Neutron Diffraction

For the analysis of bulk residual stresses induced
by rotary swaging, nondestructive measurements
were performed by neutron diffraction at the re-
actor BER II, HZB Berlin. Several beam times
were granted at the instrument E3 during the
project and measurements were performed using
2× 2× 2mm3 gauge volume. The {211} diffrac-
tion peak of α-iron at 78◦ with a wavelength of
0.1486 nm was analyzed to determine the lattice
spacing. The stress-free lattice parameter dhkl0 was
determined at small cubes (2 × 2 × 2mm3) of

Figure 14.4 Axial residual stress distribution
measured at the outer surface around the cir-
cumference of rotary swaged annealed E355
steel tube at a fixed axial position.

the same material prepared by electrodischarge ma-
chining. Due to the difficulties associated with
the analysis of surface-near residual stresses by neu-
tron diffraction, complementary semi-destructive
measurements were performed by XRD and com-
bined with the neutron diffraction data to obtain
a full view of residual stresses along the diameter
of tubes/rods. For the correction of the stress-
free lattice parameter dhkl0 , a force balance crite-
rion was also applied on combined X-ray/neutron
stress dataset [9]. The analysis of the diffraction
pattern was performed using the software Stresstex
developed by C. Randau of FRMII/TUM . The
diffraction peak was obtained by integrating the 2-
dimentional diffraction frames. The fitting of the
diffraction pattern was performed using pseudo-
Voigt function after background subtraction.

Results regarding the residual stress distribution
of full rods are published in [7]. When examin-
ing tubes, the small wall thickness posed a partic-
ular challenge when carrying out and evaluating
measurements with neutron radiation due to sur-
face effects generating pseudo-strains, caused by
partial immersion of the gauge volume in the ma-
terial. To eliminate these pseudo-strains, all the
measurements were repeated with the path of the
primary beam and the diffracted beam switched,
where the sample was rotated by 180° after the first
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measurement. Taking the average of both measure-
ments cancels out the pseudo-strain, since the geo-
metrically induced peak shift is in opposite direc-
tion for both configurations. The pseudo-strain
distribution was also numerically evaluated with
the model-based ray tracing software SIMRES de-
veloped by Saroun et al. [10]. This evaluation was
performed using a stress-free iron powder with a
simplified geometry of a flat thin plate representing
the tube wall with the same thickness (3.6mm).
A scan through the thickness was simulated and
the resulting strain distribution was considered as
pseudo-strains originating from the surface effect.
After comparing the pseudo-strains evaluated by
numerical and experimental methods, it was found
that the pseudo-strains were in a good agreement
and in the rangebetween0.001 and−0.001, which
can result into significant residual stress errors, see
figure 14.5. Along with pseudo-strains, partial im-
mersion of the gauge volume in the material causes
a shift of the real position of the gauge volume.
This gap between the real position and the theo-
retical position of the entire gauge volume was cor-
rected by determining the center of gravity of the
immersed part of the gauge volume.

Figure 14.5 Pseudo-strain distribution in the
tube wall thickness.

∅20× 3mm2 diameterE355 steel tubes were an-
nealed at 890 ◦C for 5 hours and then were rotary
swaged to 15mm diameter using type 1 dies with
infeed rate of 1,000mm/min and no retraction.
In figure 14.6, the axial residual stresses calculated
by the FEM 3D-simulation as described before is
presented in comparison with neutron diffraction
and complementary XRD results.

Figure 14.6 Residual stress distribution in
swaged tube analyzed by finite element simu-
lation and neutron/X-ray diffraction.

At the inner surface, high compressive residual
stresses were present, which continuously increase
over the thickness toward the outer surface. Over-
all, very good agreement can be observed between
the calculated and the experimentally determined
residual stress distribution. Close to the inner sur-
face, slight discrepancies of the neutron data and
of the calculated values can be observed, which can
be related to the inhomogeneity of the stress distri-
bution in the swaged tubes. Directly at the outer
surface, the FEM simulation does not present a
drop to compression as does the XRD data. This is
attributed to the friction model and its boundary
conditions as well as to the FEmesh size, which did
not allow the resolution of surface-near stress states
precisely (0.5mm FE size).

14.3.3 Micromagnetic Method

Micromagneticmeasurementswith high spatial res-
olution were performed using a Barkhausen eddy
current microscope (BEMI) at IWT. Thanks to the
miniaturized sensor technology and the external
magnetization, it was possible to acquire micro-
magnetic characteristics with a lateral resolution
of 20 μm and thus to analyze entire surfaces with
several thousands of points [11]. Reference values
from X-ray measurements were used for the cali-
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bration for a quantitative analysis of the residual
stresses. Two-dimensional maps of tangential resid-
ual stresses in the range of 2× 10mm2 at the sur-
face of a flat swaged full rod with flat dies were
obtained and the integrated results are shown in
figure 14.7.

Figure 14.7 Micromagnetic measurement: a)
2D surface tangential residual stresses measured
by micromagnetic method on a rotary swaged
sample with high fluctuations; b) averaged dis-
tribution and comparison with XRD [7].

Thanks to the fast measurements and high spatial
resolution, the micromagnetic results could show
clear periodic fluctuating tangential residual stress
distribution, which agree well with the XRD re-
sults. In the present case, micromagnetic method
was further employed for fast assessment of local or
large-scale residual stress state using macro-sensor.
However, it is worth mentioning that this method
requires careful calibration with suitable reference
samples from the samematerial, since further mate-
rial properties such as hardness also strongly influ-
ence the measured signals. Further difficulties were
also encountered in measuring round surfaces or
hollow tubes due to disturbance of the magnetic
coupling with the sensor.

14.3.4 In-Situ Synchrotron XRD

In-situ synchrotron experiments were performed
at Deutsches Elektronen Synchrotron (DESY) in
two granted beamtimes atP07−EH3 fromHZG
Hereon to investigate the transient (residual) stress
evolution at different individual strokes during
swaging. For this, a custom-built recess rotary swag-
ing device was developed allowing forming tube
sections, which is a special process variation. The
experimental device developed and built within
the project allowed transmission measurements as
shown in figure 14.8.

Figure 14.8 Overview of in-situ recess rotary
swaging setup and a sketch of the beam path.

This device was powered by hydraulic tensile tester
of type Instron 100 kN, which allows adjustable
stroke height to perform the gradual reduction of
the cross-section diameter. The bottom die is fixed
and only the upper die can be moved by the ten-
sile tester simultaneously with the side dies. Tube
sections of 6mm length were formed by means
of recess swaging. The in-situ synchrotron experi-
ments were performed using a high-energy beam
(103 keV) with a cross-section of 50× 50 μm2 to
obtain spatially resolved data on the stress state
during and after individual forming steps. Heat-
treated (at 890 ◦C for 5 hours) and therefore resid-
ual stress-free specimens made of ∅20 × 3mm2

E355 steel tubes and 6mm length were reduced
to a target diameter of 15mmwithout a mandrel.
With radial feeds of 0.1mm/stroke, the diameters
were progressively reduced until the four jaws were
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fully closed. After that, several calibration strokes
were carried out. Additionally, the sample was ro-
tated after each stroke by 30◦ to change the impact
surface.

The images of the diffraction rings obtained by the
2D detector had a 2Θ-range of 0◦ − 10◦ includ-
ing the α-iron diffraction rings from α {110} to
α {321}. The strain components values were de-
termined by analyzing the diffraction ring ofα-iron
{211} after radial transformation and azimuthal in-
tegration of the data through pyFAI software. The
azimuthal integration was done over 72 segments
of 5° slices before fitting the obtained diffraction
pattern with a pseudo-Voigt function to obtain the
peak positions [12]. In this case, the material was
assumed to be in plane strain state since the contact
is established along the whole material thickness
and, based on that, several strain components can
be assumed to be zero, i.e., εzz = 0, εxz = 0 and
εzy = 0. This approach was validated for in-situ
XRD transmission experiments during orthogo-
nal cutting by Uhlmann et al. by FEM-simulation
[13].

The stress calculations posed a challenge due to
the movement of the sample thus slightly chang-
ing the sample/detector distance, resulting in sig-
nificant pseudo-strains. To eliminate this effect,
residual stresses were corrected by an offset deter-
mined using the boundary condition stating that
stresses normal to surfaces are zerowithout external
forces (unloaded). In this case, the surface stresses
in the radial direction are considered to be zero at
the outer surface after unloading, so the calculated
radial stress value near the surface is used as a correc-
tion parameter for each individual stroke. For the
stress calculation under load, the same offset as for
the unloaded state was used. Also, measurements
close to the inner/outer surface are very sensitive
to the ring orientation. If the specimen is slightly
tilted and not perfectly aligned with the beam, ad-
ditional pseudo-strain can greatly affect the stress
results. Therefore, obtained measurements in the
first 200 μm near the outer or inner surface should
not be considered.

Figure 14.9 shows mappings of the tangential
stresses with about 4,000 data points during the

Figure 14.9 a) Tangential stress map under
load at the final calibration stroke; b) Tangen-
tial residual stress map after unloading after the
final calibration stroke.

final calibration stroke under load and after unload-
ing (residual tangential stress).

Under load, local inhomogeneity of tangential
stress occurs across thewall thickness and in circum-
ferential direction with stress concentrations be-
low the dies (vertically and at 90°) with values rang-
ing between −700MPa at the outer surface and
+600MPa at the inner surface. After unloading,
inhomogeneous residual stresses with values be-
tween−150MPa and+300MPa are present. In
this case, it was shown that the final residual stress
distribution is not necessarily axisymmetric.

14.4 Insight into Residual Stress
Generation

Due to the process speed and accessibility of the
forming zone, in-process observations of the real
forming process have not been feasible so far. The
complex material flow induces material modifica-
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tions such as work hardening and residual stresses
in the workpiece incrementally with each forming
stroke. To understand the resulting specific distri-
bution of residual stresses, better insight can be
given by simulations and dedicated in-situ exper-
iments. Therefore, process simulations by FEM
were performed.

14.4.1 2D-Simulation Results

In 2D-simulation, the influence of spacer height
on the swaging process was investigated. Here, the
difference in spacer height was numerically repre-
sented by a changed tool path. With thicker spacer
the axial residual stresses at the workpiece surface
increased. Furthermore, in the depth profile the
values decreased toward the compressive range, fig-
ure 14.10.

Figure 14.10 2D simulation results: residual
stresses depth profile for different spacer height
and contact time.

As described in [6] the simulated tensile values at
the surface correlate with the measured distribu-
tion of the axial residual stresses at the surface of the
swaged tubes with flat dies to square cross-section.
Here, an increase of values in axial residual stresses
occurs with thicker spacer and thus with a higher
closing time. Swaging of tubes with round-shaped
dies lead to compressive residual stresses at the sur-
face which does not correlate with the simulation,

which could be explained by the simplified friction
model and material flow in the 2D axisymmetric
simulation. However, a correlation canbe foundby
the relative change of residual stresses for swaging
tubes with round dies. Here, residual stresses at the
surface increase to higher compressive values for a
thicker spacer. Another interesting observation in
the simulations was that, before entering the dies,
significant axial residual stresses were generated in
the tube. However, it was shown that they were
almost reduced to zero in the subsequently passed
reduction zone. In the calibration zone, residual
stresses were generated again to their final values in
the steady-state zone.

14.4.2 In-Situ Recess Swaging of Rings

The complexmaterial flow inducesmaterial modifi-
cations such aswork hardening and residual stresses
in the workpiece incrementally with each forming
stroke. To understand the resulting specific distri-
bution of residual stresses, better insight can be
given by simulations and dedicated in-situ experi-
ments. The details of the in-situ experiments are as
shown in a previous section and figure 14.11 shows
thedeterminedfieldof stresses over a small2D-map
of 4× 4mm2 centered below the upper swaging
die at different steps of the process.

The upper images (figure 14.11 a) show the tangen-
tial stresses in the loaded state, while the resulting
tangential residual stresses after unloading are pre-
sentedbelow (figure 14.11 b). With each stroke, com-
pressive loading stresses increase below the upper
die while high tensile stresses increase on the inner
side of the ring. During the final calibration stroke,
high and inhomogeneous stress distribution is still
observed, which should be mostly elastic, with su-
perimposed residual stresses. The resulting resid-
ual stresses in tangential direction after unloading
show a stress gradient over the wall thickness with
tensile residual stresses near the inner and outer
surface and compressive residual stresses near the
middle. This gradient increases with the strokes.
However, after the final calibration stroke, the resid-
ual stresses are slightly reduced compared to resid-
ual stresses during previous forming strokes and
are inhomogeneously distributed along the circum-
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Figure 14.11 In-situ recess swaging results: a) under load, b) after unloading.

ference. The same effects were observed in the fur-
ther experiments performed with a stroke height of
0.2mm and a stroke following angle of 60°. The
stress gradients were slightly higher with a larger
stroke height.

14.5 Experimental Studies of
Process Influence on Residual
Stress Generation

In the following, variations in the rotary swaging
process and their effect on the residual stress state,
in particular amplitude and distribution along the
surface and in the depth are shown.

As open-die forging process, rotary swaging gives
the material a certain freedom to flow during each
stroke. Within each stroke the pressure column in
the swaging head provides the forming force on
the workpiece. This causes a certain stress state and
amplitude while the material flow ends up in the
arising residual stresses. The influence of the pro-
cess (shape of dies; spacer height; use of mandrel;
rod/tube forming; forming stages) on the residual
stress depth profile was investigated.

On the other hand, due to the incremental forming
characteristic, the residual stresses within the work-
piece can also exhibit local varying distribution or
random fluctuations, as shown previously. Hence,
the influence of key process parameters (calibra-
tion strokes by reduced retraction speed; variations
in machine parts) on local distribution of residual
stresses was also investigated.

14.5.1 Process Variations Influencing the
Residual Stress Depth Profile

In the following, rotary swaging from∅20mm to
∅15mm with an infeed rate of 1,000mm/min
and a retraction rate of 500mm/min was per-
formed, if not stated otherwise. Swaging was per-
formed with annealedE355 tubes with different
forge value S to investigate their influence on resid-
ual stresses, figure 14.12. The variation of the re-
spective forge value S from 1 to 0.93 resulted in
a changed contact area, hence changed pressure
conditions between die and workpiece. As a con-
sequence, the stress state within the workpiece is
expected to be different for each stroke. Due to the
used die material and surface finishing, a difference
in friction coefficient between die and workpiece
was also expected. In the case of the DLC coat-
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ing of die type 2, a lower friction coefficient was
assumed compared to the spray-coated tungsten-
carbide layer on die type 1 and the uncoated die
type 4. With die type 4 axial residual stresses were
close to zero at the workpiece surface. Comparing
these results with die type 1 and 2, compressive
residual stresses arose at the surface up to 100 μm
depth. At higher depth tensile range was achieved.
The slightly difference in the die height of approxi-
mately 40 μm due to manufacturing accuracy in-
troduced a slightly changed pressure column and
correlates with further change in residual stresses
below the surface. The forge value has an impact
on near-surface axial residual stresses in swaged
tubes.

Figure 14.12 Axial residual stresses σy

depth profiles for different dies (annealed
E355∅20× 3mm2 tubes).

Swaging of tubes and rods with the same swag-
ing dies (type 2) and process parameters (infeed
rate 1,000mm/min; no retraction) led to the same
compressive stresses at the surface according to the
used swaging die. However, a clear change in depth
profile was observed at higher depth, figure 14.13.
The change in the compressive range in depth pro-
file correlated to changed material flow resulting
in an increase of the stress amplitude respectively
pressure.

In contrast to swaged rods, swaged tubes generally
exhibited tensile residual stresses in the outer re-
gion. This is attributed to the radial material flow
to the inner hole, resulting in a modification of the
overall elastic-plastic deformation within the work-
piece. A method to influence the residual stresses

Figure 14.13Axial residual stressesσy depthpro-
files for tubes and rods (die type 2; annealed
E355;∅20mm rods;∅20× 3mm2 tubes).

depth profile by swaging of tubes with mandrels
was found. Conventionally, mandrels are used to
obtain a well-defined inner diameter of tube with
high surface finish. Here, this method also gave
the opportunity to modify the material flow and
thus the stress conditions in the tubes. During
infeed rotary swaging to 15mm diameter of non-
annealedE355 tubes (∅20× 3mm2) with round
shaped dies (type 2) on hardened warm-working-
steel cylindrical mandrels with varied diameter dm,
the depth profile of axial residual stresses changed
significantly, figure 14.14. At the surface, homo-
geneous and reproducible residual stresses −300
to−400MPawere induced for different mandrel
diameters which correlated with the standard divia-
tion as shown by the measurements in the previous
chapter. On the other hand, the depth profile of
residual stresses was strongly affected, going from
tensile without mandrel down to−300MPawith
a mandrel of∅8.2mm. This effect could even be
maintained after the mandrel has been removed
mechanically after the process. For higher mandrel
diameters, the residual stresses below the surface de-
creased again to lower compressive values. This can
be explained by a hindered material flow due to an
increased friction force between mandrel and tube.
The changed material flow was as well observed in
process observation data where the backpushing of
the workpiece out of the swaging head with each
stroke increased for thicker mandrels.
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Additional swaging tests (die type 2 and 4) with
conical (diameter ∅8.2mm; 1 : 100) mandrels
were conducted as this geometry simplifies the re-
moval of themandrel after swaging. The additional
variation of dies confirmed that mandrels are us-
able to influence the residual stresses depth profile
separately to the residual stresses at the surface, see
figure 14.15. The die type 4 was used. As shown
in previous tests it caused residual stresses close to
zero at the workpiece surface. However, residual
stresses below the surface remained at comparable
values as for dm = 8.2mm cylindrical mandrel as
well as conical mandrel.

Figure 14.14 Axial residual stresses σy depth
profiles for different mandrel diameter (die type
2; non-annealedE355∅20× 3mm2 tubes).

Figure 14.15 Axial residual stresses σy depth
profiles for 1 : 100 conical mandrel and die
variation (die type 2 and 4; annealed E355
∅20× 3mm2 tubes).

14.5.2 Surface Residual Stress
Distribution and Fluctuations

Due to the complex process kinematic and its pos-
sible influence on the material flow, effects on resid-
ual stresses distribution and fluctuations by process
parameters and machine characteristics were inves-
tigated. Tubes∅20× 3mm2 were swaged with an
infeed rate of 1,000mm/min, but stopped with-
out retraction and no additional calibration strokes
respectively in order to better evaluate the effects
on distribution and fluctuation on residual stresses.
For this, softerE355material was generated by an
increased annealing time (at 890 ◦C for 5 hours).
The basic assumption was that differences in indi-
vidual strokes in soft material cause larger changes
that are easier to detect. The measurement of resid-
ual stresses was performed at the surface along a
40mm line. In addition to the normalized con-
dition, non-annealedE355 tubes in condition as
cold drawn were swaged with round-shaped dies
(type 2). The initial material condition affected the
fluctuations of residual stresses at the surface, fig-
ure 14.16. Given by process observations measuring
a certain backpushing of the workpiece with each
stroke, a change was also observed in backpushing
depending on the initial material conditions. The
residual stresses of the annealed tubes showed fluc-
tuations, while the stresses on non-annealed tubes
were almost homogeneous over the entire investi-
gated areas at high compression.

Figure 14.16Axial residual stresses σy at∅20×
3mm2E355 tubes surface (die type 1; annealed
and non-annealed, with and without free rota-
tion).
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These differences were mainly attributed to the
near-surface microstructure caused by the special
long-term annealing, as slight decarburization of
about 10− 20 μmwas observed during annealing
[14]. This can lead to locally changed plastic defor-
mation of the softer ferrite grains and thus changed
residual stresses, which does not occur in the non-
annealed tubes. The third condition in figure 14.16
visualizes a representative case where the stroke fol-
lowing angle was kept constant to zero. The slight
material flow into the gaps between the dies (start
of wing formation) led to a forced rotation of the
specimen with the swaging unit (stroke following
angle was zero) and homogeneous residual stresses
at the surface resulted. This was mainly attributed
to the increased number of calibration strokes on
the same workpiece position and volume.

In a further investigation, the residual stresses of
the annealed E355 tubes, which were swaged to
∅15mmwith infeed rate of 1,000mm/min and
round shaped dies (type 2) with different spacers
height of 5.02mm and 5.16mm, were analyzed
along theworkpiece surface. Here, small changes in
final diameters were found, which correlates with
the changed spacer thickness for one stage swag-
ing, figure 14.16. However, in the case of swaging
with thicker spacers in one stage, fluctuations of
the residual stresses at the surface were not reduced.
These fluctuations were reduced by an additional
calibration step (2 stage, black dots see figure 14.17).
The calibrationwas carried out in such away that af-
ter a full processwith thin spacers (hs = 5.02mm),
a second process was performed with thicker spac-
ers (hs = 5.16mm). Calibration represents a spe-
cial variant of swaging with only a small reduction
of the workpiece diameter in the μm range with
low local strain and can be seen as analogous to
shot peening or hammering, thus increasing com-
pressive residual stresses in the surface region by
local repeated strokes.

A further process variant of calibration can be car-
ried out by retracting the workpiece with reduced
speed out of the swaging die. With a reduction of
retraction speed the number of calibration strokes
was increased. Tests were carried out for swag-
ing annealed tubes (E355, ∅20 × 3mm2) with
round shaped dies (type 2) to∅15mm. Starting

Figure 14.17Axial residual stresses σy at∅20×
3mm2 E355 tubes surface for different spacer
thickness (die type 1).

from a value of 350 ± 100MPa, it was shown
that more stable compressive residual stresses were
generated at the surface with increasing calibration
strokes, see figure 14.18. In this calibration variant,
no change in spacer height was necessary, whereas
with the increase of calibration strokes a small de-
crease of the mean value was observed, which can
be related to stress relaxation.

Figure 14.18Axial residual stresses σy at∅20×
3mm2 E355 tubes surface as a function of cali-
bration strokes (die type 2).

14.5.3 Residual Stresses in Multi-stage
Rotary Swaging

One further process variation was investigated in
multi-stage swaging of annealed ∅20 × 3mm2

tubes to ∅8mm. In the tests, the workpieces
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passed through different sets of forming dies. In
the three forming stages, the diameter changed
with different forming histories. One-stage form-
ing was carried out within one die with an infeed
speed of 100mm/min and a forge value of 1. Two-
stage forming was carried out in each case with a
forge value of 1 in the first step to ∅15mm (die
type 2) with an infeed rate of 1,000mm/min and
subsequently to ∅8mm with an infeed rate of
100mm/min. Three-step forming was carried out
from∅20 to∅15mm with an intermediate step
to 17mmwithin a two-step forming die with forge
value of0.93 (die type7). The subsequent diameter
change to 8mmwas performed with an infeed rate
of 100mm/min and a forge value of 1 (die type 6).
The retraction speed was set to 500mm/min for
all forming stages. The different forming histories
resulted in different depth profiles of the residual
stresses in all variants in the intermediate stages, fig-
ure 14.19. Fluctuations as shown by the scattering
of eachmeasurement point in residual stresses were
reduced. Regarding the reduction to∅8mm, after
one-stage, two-stage and three-stage swaging com-
parable residual stresses in depth profile arose in the
compressive range. The residual stresses in one-step
forming where slightly lower, which can be related
to thermal relaxation as the samples temperature
was higher after one-stage forming.

14.5.4 Residual Stresses Generation in
Austenitic Steel

In addition to ferritic pearlitic E355 steel, two
different austenitic semi-finished products were
examined (1.4310 and 1.4305) In the first case,
deformation-induced martensite formation dur-
ing rotary swaging which could induce strong
work hardening can occur. The second material
mostly experiences work hardening of the austenite
through lattice defects, but can also contain some
amount of martensite. 1.4305 and 1.4310 austenitic
steel bars were rotary swaged from an initial diame-
ter of 18mm to 15mm diameter with infeed speed
of 1,000mm/min using round-shaped hardmetal
dies with forge value 1 (die type 3). The distribu-
tion of the axial residual stresses along a line at the
surface in both austenite and martensite phases of

Figure 14.19 Axial residual stresses σy depth
profiles inmulti-stage swaging (annealed∅20×
3mm2 E355 tubes).

workpieces generated by rotary swaging measured
by XRD is given by figure 14.20 a.

14.6 Further Material and Parts
Properties

In order for the residual stresses to have an effect
on component properties, in particular on fatigue
strength, they must not be fully relaxed under load
[15]. However, it has been reported in literature that
low-strength materials cannot achieve pronounced
fatigue strength enhancement by residual stresses,
as these can relax under load close to the plastic
range [16]. Moreover, thermal stability under ser-
vice conditions might also be relevant for several
industrial application. Therefore, the stability of
the residual stresses in rotary swaged samples was
investigated at elevated temperature and after cyclic
loading.

DFG Priority Program 2013



244 | Control of Component Properties in the Rotary Swaging Process

Figure 14.20 Residual stresses in austenite and
martensite phases measured at a) the outer sur-
face of rotary swaged austenitic steel tubes along
the axial direction; b) in depth profiles in the
austenite phase.

14.6.1 Hardness

To investigate the work hardening induced by ro-
tary swaging, microhardness measurements were
performed over the tube thickness at longitudinal
sections. The hardness was measured on E355
cold drawn steel tubes with and without anneal-
ing (at 890 ◦C for 5 hours) before and after rotary
swaging using round-shaped dies (die type 1) to
reduce the initial diameter from 20mm to 15mm,
see figure 14.21. For the annealed tubes, hardness
increased by about 46% by rotary swaging and
was mostly homogenous across the tube thickness.
However, in the case of cold drawn tubes, hardness
remained unchanged by rotary swaging indicating
that no additional work hardening was introduced
by rotary swaging.

Microhardness measurements were also performed
in the longitudinal section in the case of austenitic
rotary swaged bars featuring deformation-induced

Figure 14.21 Hardness depth profile measured
over the radial position.

martensite formation. The rotary swaging was per-
formed to reduce the initial diameter from 18mm
to 15mm using round-shaped dies. For the 1.4305
alloy, the results show an increase in hardness from
307± 14HV 0.1 (below 5%martensite content)
before rotary swaging to 377± 19HV 0.1 (up to
15%martensite content) after rotary swaging. In
the case of 1.4310 steel, the hardness increase was
from378±32HV 0.1 (below10%martensite con-
tent) to 464± 37HV 0.1 (up to 40%martensite
content).

14.6.2 Fatigue Properties

To evaluate the modification of the fatigue proper-
ties by rotary swaging, three-point bending fatigue
tests were performed and S/N curves were deter-
mined for different conditions. The number of cy-
cles corresponding to the fatigue strengthwas set to
5million cycles and the loading ratiowas0.1. Itwas
assumed that fatigue strength obeys the Weibull
distribution function. This function was fitted to
the experimental results to determine the fatigue
strength which corresponds to 50% probability of
fatigue failure. The S/N curves were determined
using the Basquin linemethod [17]. The cyclic tests
were carried out using an electromagnetic pulser
Rumul 50 (Russenberger, Switzerland). As a refer-
ence, stress-free annealed steel bars were tested (ini-
tial state) and compared with rotary swaged bars
(square-shaped cross section, using two different
infeed rates 1,000mm/min and 3,000mm/min).
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The stress-free steel bars before rotary swaging had a
hardness of 150HV 0.1 and the rotary swaged bars
of both variants had a hardness around 250HV 0.1
(Hardness increased by 33% by cold working),
with surface axial residual stresses close to315MPa
for the 3,000mm/min infeed rate variant and
−287MPa for the 1,000mm/min feeding speed
variant. The determined Wöhler curves are pre-
sented in detail in [14]. The results show that
the rotary swaged samples have a fatigue strength
15% higher than the reference state. It was found
that the samples which led to the highest fatigue
strength with increased infeed rate while the hard-
ness in both rotary swaged series was compara-
ble. In addition to increasing fatigue strength, and
fatigue resistance was also significantly improved
in the low cycle compared to the reference state.
From the investigations of the mechanical stabil-
ity of the residual stresses, it was observed that
they remain mostly stable even at high bending
stress amplitudes, at least on the tensile loaded
side. An effect of residual stresses on the fatigue
strength of swaged E355 steel tubes by targeted
introduction of residual stresses can therefore be
expected. However, clear separation of the respec-
tive effect of work hardening and residual stress is
difficult. Therefore, an additional condition was
investigated after annealing of rotary swaged sam-
ples at moderate temperature to eliminate most of
the residual stresses while preserving work harden-
ing induced by rotary swaging. For this, prior tests
with varying temperatures and durations were per-
formed and the optimal parameters to achieve the
desired properties was defined as a temperature of
500% with a holding time of 1 hour. This heat
treatment showed good reduction of surface axial
residual stresses (from−400MPa down to around
−30MPa)with only a slight hardness loss of about
260 to 240HV 0.1. TheWöhler curve is shown in
figure 14.22. The results do not show a clear change
of the fatigue strength with only a small decrease
of fatigue resistance in the low cycle region. This
might be attributed to the slight loss of hardness
due to annealing. Based on these results it seems
that the effect of the residual stresses on the fatigue
life is not very pronounced. This can be explained
by the relatively low yield strength of the material,
for which very low residual stress sensitivity was
already observed after shot peening [15].

Figure 14.22 S/N curve with the 50% failure
probability obtained by cyclic three-point bend-
ing for three material conditions of S355 steel
grade.

Investigations of rotary swaged material with
higher yield strength such as austenitic steel
grades 1.4305 and 1.4310 were performed. 18mm-
diameter bars of these materials were rotary
swaged to 15mm diameter with infeed rate of
1,000mm/min. Three point bending cyclic test
results are shown in figure 14.23. It has to be re-
marked that the plotted data are based on a reduced
number of fatigue tests. The results show that the
rotary swaged 1.4305 samples have a significantly
higher fatigue resistance than the 1.4305 reference
state, which is due to combined effect of cold work-
ing and higher martensite content (increased from
5% to 15%), as well as to induced compressive
residual stresses. The 1.4310 grade show almost
similar fatigue strength but lower low-cycle fatigue
properties compared to 1.4305 despite havinghigher
compressive residual stresses and higher hardness
as shown previously. This is a result of the strong
embrittlement of the rotary swaged 1.4310 bars due
to formation of high martensite content (around
40%) by rotary swaging. This effect could also be
observed in fracture surfaces, showing brittle fail-
ure across all samples, whereas 1.4305 showed duc-
tile fractures. This shows that competitionbetween
a beneficial hardness increase and compressive resid-
ual stresses and embrittlement due to martensite
formation has to be considered carefully for the
selection of the steel grade.
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Figure 14.23 S/N curve with the 50% failure
probability obtained by cyclic three-point bend-
ing of rotary swaged austenitic steel bars.

In order to complement the bending fatigue inves-
tigation, torsion loading of tubes produced with
and without mandrels (diameter ∅8.2mm) was
performed. All samples were machined to have the
same geometry regardless of the process parameters.
Hardness tests were also performed on all sample
variants showing virtually no difference in hard-
ness, around 220HV 0.1. The results show that
the samples rotary swaged with mandrel have in-
creased fatigue resistance in the low-cycle region
compared to the samples rotary swaged with man-
drel, figure 14.24. This can be directly attributed
to the generated compressive residual stress over
a large depth of the outer surface in the samples
formed with mandrel. In comparison, the investi-
gations of samples rotary swaged without mandrel
with and without subsequent annealing after the
process show lower, but almost comparable, fatigue
properties. The non-annealed condition even ex-
hibits a slightly lower fatigue limit than does the
annealed state as a result of the generated tensile
stresses at the outer surface.

14.6.3 Mechanical Stablity of Residual
Stresses

Measurements were made at the surface of
austenitic round steel 1.4310, which were formed
with infeed rate of 1,000mm/min (surface
macro axial residual stresses after swaging about
−600MPa). Three-point bending tests were

Figure 14.24 Residual stress stability at the sur-
face of rotary swaged E355 steel tubes under
cyclic torsion.

performed for assessment of the fatigue properties.
Axial residual stresses on the surface in both phases
were examined on one sample at the tensile load
region after 1, 10, 100, 10,000 and 100,000 cycles
with a stress amplitude of 456MPa (maximum
stress about 98% of the yield strength). The axial
compressive stresses remained relatively stable
until the failure of the sample before reaching
1,000,000 cycles, see figure 14.25.

Figure 14.25 Residual stress stability at the sur-
face of a rotary swaged 1.4310 steel rod under
cyclic three-point bending.

Previous residual stress mechanical stability anal-
ysis was performed by three-point bending tests
on E355 square-shaped steel bars rotary swaged
from 20mm initial diameter to 15mm diameter
using flat shaped dies. The results are published in
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[14]. The surface compressive axial residual stress
remained stable after 1 million cycles with maxi-
mum bending stress of 81% of the yield strength.
However, at a higher maximum bending stress of
105% of the yield strength, the surface compres-
sive axial residual stress decreased in the first 100
cycles before increasing slightly with more cycles,
indicating the effect of plasticity during testing.

14.7 Summary

Methods for investigation and measurement were
developed to understand and modify the genera-
tion of the residual stresses in infeed rotary swag-
ing. Modifications of the process were found to
influence the state and amplitude of stresses in the
forming zone as well as their distribution at the sur-
face and in the depth of the workpieces. Residual
stresses at the workpiece surface were modified by
swaging dies. This process is related to a change
in material flow, which results in a certain distribu-
tion of stress and pressure in the forming zone. The
depth profiles of swaging tubes were pushed to the
compressive range by the use of mandrels, which
is due to hindered radial material flow. Multi-stage
forming was performed with several dies as well as
combined in one die. Here, residual stresses at the
surface remained constant. With the reduction to
smaller diameters, the residual stresses depth pro-
file shifted to the compressive range, which can be
explained by the increased pressure in the forming
zone resulting in an increased depth of the material
flow. Different effects of the process on residual
stresses fluctuation were also investigated. One of
the main influences was found by the initial con-
dition of the material which, in the case of very
soft material, tends to higher fluctuations. How-
ever, adjustments must be made depending on the
incremental process characteristics and various pa-
rameters influencing the final surface distribution.
Hence, as a practical way to reduce fluctuations,
calibration strokes were found to homogenize the
residual stresses at the surface. Finally, it has to be
mentioned that for industrial application the resid-
ual stresses and the resulting mechanical properties
of the workpiece as well as geometrical and surface
properties of the workpieces have to be adjusted

and considered together in process design. The ef-
fect of residual stresses on the bending fatigue of
rather soft materialE355was not found to be pro-
nounced. On the other hand in torsion loading of
tubes producedwithmandrels, it is clear that an im-
provement of fatigue properties could be achieved
compared to tube formed without mandrel (with
and without subsequent annealing). This is due
to generation of compressive residual stresses in
deeper regions from the outer surface, which gives
a concrete possibility to influence the process for
the manufacturing of parts with increased fatigue
properties. The analysis of 1.4310 austenitic steel
with higher yield strength exhibited strong embrit-
tlement due to the generation of a high amount
of martensite, which was shown to be detrimen-
tal for the fatigue properties. In the case of the
austenitic steel grade 1.4305, showing only small
amount of martensite formation during swaging,
a beneficial effect of the rotary swaging process on
the bending fatigue properties could be observed,
showing promising possibility for further research
activities.
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15 Investigation of Residual Stress-related Elementary
Processes for Cold Forged Components in the
Manufacturing and Operating Phase

Jobst, A.; Lara, J.; Steinmann, P.; Merklein, M.

GEPRIS 374688875

15.1 Introduction

Cold forward rod extrusion is used for the produc-
tion of rotationally or cyclically symmetric steel
components such as screws, bolts or axles in large
quantities. In this process, a billet is shapedwithin a
die by a three-dimensional stress and strain state. By
forming at room temperature, a high material and
energy efficiency is achieved due to the omission
of the heating step. Compared to hot forging, the
extensive work hardening during production leads
to highly resilient components [1]. However, high
plastic strains and work hardening lead to residual
stresses remaining in the formed components.

Residual stresses are known to influence the fa-
tigue behavior of components [2]. Tensile stresses
often enhance crack initiation and propagation,
while compressive stresses counteract applied load
stresses [3]. In corrosive environments, tensile resid-
ual stresses promote stress corrosion cracking in
the component surface [4]. During cold forming,
residual stresses are generated by inhomogeneous
plastic deformation [5]. The characteristic work
hardening in combination with a high material
strength and the limitedpossibility of thermal stress
relief lead to particularly pronounced residual stress
states. They remain in the produced components
and are in an equilibrium state across the material
volume. Interfering with this equilibrium, for ex-
ample through subsequent machining steps, leads
to a redistribution of the residual stresses, which
may result in geometrical changes [6].

If residual stress states generated by forming are not
known, additional process steps are necessary to
prevent unexpected behavior. One possibility is the
removal of the unknown residual stress state, which
is possible, for example, by stress relief annealing
at half the absolute melting temperature or by me-
chanical methods [7]. Thermal residual stress relax-
ation is based on a temperature-induced reduction
of the yield strength of the material. This leads to
residual stresses being able to relax by plastic defor-
mation [8]. Subsequent slow cooling prevents the
generation of thermally induced residual stresses.
For stress relaxation without energy-intensive ther-
mal annealing processes, mechanical stress relief is
used [9]. This method is based on local plastic de-
formation in specific component areas, leading to
a new residual stress state after unloading [10]. In
order to additionally generate a beneficial stress con-
dition, finishing processes such as shot blasting are
used to generate compressive near-surface residual
stresses [11]. All these steps share the characteristic
that they are additional effort, require additional
resources and energy and extend the process chain.
The ability to create a defined residual stress state
during the forming process can therefore help to
improve the resource and energy footprint of com-
ponents.

In forward rod extrusion, the material flows along
the die shoulder during forming. The material in
the edge areamoves in the radial and axial direction,
while thematerial in the core onlymoves in the axial
direction. This inhomogeneous deformation leads
to residual stresses remaining in the formed com-
ponents [12]. The characteristic residual stress state
arising from this process consists of compressive ax-
ial, tangential and radial stresses in the core, which
are in equilibrium with tensile stresses near the sur-
face [13]. The tensile residual stressmaximum is not
at the surface, but underneath [12]. This forming-
induced residual stress state is influenced by the
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ejection from the forming die. The elastic spring-
back of the die leads to a reduced die land diam-
eter which necessitates additional forming of the
component surface with a small reduction of area
during the ejection [14].

The evolution of the residual stress field through-
out the metal forming process can be further in-
vestigated by means of simulations replicating the
manufacturing operation. Due to the complexity
of the physical phenomena and their interaction oc-
curring during the forming process, the fidelity of
the numerical results requires a robust mathemat-
ical model and numerical implementation. Rele-
vant to forward extrusion is the ability of themodel
to describewhat is known as secondary yielding [15]
which occurs during unloading. Furthermore, the
modeling of the other components of the tool sys-
tem also affects the numerical results, e.g., consid-
ering the die rigid or elastic [16]. The frictional
contact between components also plays an impor-
tant role in forming operations and its adequate
modeling is required to numerically replicate the
material’s behavior, e.g., as shown in [17] with their
proposedmodel. A summary of the important con-
siderations and possible error sources when model-
ing bulk forming process is presented in [18].

In order to be capable of influencing the operat-
ing properties, residual stresses need to be stable
under operating conditions [19]. Although plastic
deformation removes the residual stresses in the
affected material volume, load stresses below the
yield strength may also influence the residual stress
state [20]. In the early stage of testing, cyclic load-
ing with positive mean stresses may result in a high
stress relaxation rate [21]. It is known for welding-
induced residual stresses that the number of load
cycles, the mechanical properties of the material
as well as the interaction between the stress ratio,
the magnitude of the mechanical load and the ini-
tial stress state influence the residual stress relax-
ation [22].

While basic findings are available, little work exists
on targeted adjustment of the residual stresses dur-
ing the forming process and its subsequent use for
component improvement in the service phase.

15.2 Objectives and Methodology

The motivation for the research in this project is to
generate an understanding of residual stress-related
elementary processes in cold formed components
in the forming and operating phase. For this, the
following objectives are defined.

� Identification of basic principles of residual
stress generation during cold extrusion.

� Development of methods for controlling resid-
ual stresses during forming.

� Evaluation of process robustness against dis-
turbing factors.

� Determination of residual stress stability under
typical operating load.

� Assessment of residual stress-related influences
on the operating and fatigue behavior.

Methodology

In order to study the residual stresses that result
from themanufacturing process and their effect on
the operating behavior of the mechanical compo-
nent, the joint experimental-numerical approach
shown in figure 15.1 is followed in the project. It is
based on the analysis of the shown forward extru-
sion process in simulation and bymeasurements of
the residual stresses of experimentally formedwork-
pieces. A selected set of adjustable parameters in
the forming process are varied in value in order to
obtain different residual stress profiles. The profiles
are tested for their mechanical and thermal stabil-
ity and, subsequently, their effect on the lifetime
of a cyclically loaded workpiece is assessed. Based
on the results, the process can be designed in such
a manner that the desired qualities of the formed
workpiece are achieved.

The considered manufacturing process is the cold
extrusion of rod elements following the sequence
shown in figure 15.2. During part production, a
cylindrical billet undergoes inelastic deformations
by being forced through a forming die in order to
reduce its diameter. The material is subjected to a
triaxial compressive stress state. Once the desired
dimensions are obtained, the billet is pushed out
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(a) (b)  (d) (e) 

Figure 15.2 The reference forming process: First, the workpiece is placed in the tool system (a). 
Subsequently the workpiece is inelastically deformed by lowering the punch (b) until the desired 
geometry has been reach, point at which the punch is raised (c). The workpiece is then pushed 
out of the tool system by an ejector (d). Finally, the workpiece is extracted and the lubricant is 
removed (e). 
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ter of the billet is reduced from 25mm to 15mm,
which corresponds to a reduction of area of 64%
or an overall plastic strain of 1.02.

Experimental Setup and Software

For part production, billets of ferritic stainless steel
X6Cr17 (DIN 1.4016) with a diameter of 25mm
and a height of 50mm are cut from bars. To en-
able forming and to reduce tool loads, the billets
are coated with a high-performance tribological sys-
tem, which consists of an iron-III-oxalate lubricant
carrier layer ZWEZ-Coat 1039 and a molybdenum-
disulfide-based lubricant ZWEZ-Lube MD 230.
The coated billets are formed in a die made of high-
speed steel ASP 2012, which is pressed into a shrink
ringmade of hot working steel X37CrMoV5-1. The
test setup is shown in detail in [23]. The die open-
ing angle in the reference variant is 2α = 90◦. For
the studies, further component materials such as
X5CrNi18-10 and X2CrNiMoN22-5-3, lubricants
(soap, polymer) and die opening angles (60◦, 120◦)
are used in addition to the reference variant.

The residual stresses on the surface of the formed
parts are determined by X-ray diffraction. For this,
a diffractometer type Seifert XRD 3003 is used. The
X-rays are generated by a chromium anode, guided
by glass capillary optics andprojected on the surface
with a spot size diameter of 0.8mm. The diffracted
beam is detected by a line detectorMeteor 1D, with
theKβ fraction removed by a vanadium filter. For
a single measurement, axial and tangential stresses
are identified with 13 ψ-tilts performed per measur-
ing direction. The line positions of the recorded
peaks are determined by fittingwith a Pseudo-Voigt
function. The well-established sin2 ψ-method is
used for the evaluation. A detailed overview of
the measurement setup is given in [23]. For the
ferritic-austenitic dual-phase steel X2CrNiMoN22-
5-3, stress determination is possible only specifically
for the ferritic and the austenitic phase. In [24],
a method was developed with which a determina-
tion of the macro stress from the phase stresses is
possible.

The numerical reproduction of the forming pro-
cess is realized inMSCMarc, a commercial soft-

ware specialized in solving non-linear problems us-
ing the finite element method. The mathemati-
cal model used to investigate the material response
at the microscopic scale was numerically imple-
mentedusing the open-source finite element library
deal.ii [25].

15.3 Residual Stress Generation
during Forming

In the forming process, the billet is first pressed
into the die and formed at the die shoulder. In
the process, the material flows in the axial and ra-
dial directions in the edge area and only in axial
direction in the core. This results in differences in
the strains between the edge and core areas, which
leads to residual stresses remaining. During form-
ing, the die experiences elastic expansion due to the
internal pressure and elastically springs back after
removal of the punch force. As a result, the diame-
ter of the die land is slightly reduced during ejection
opposite to the punch direction. This affects the
component surface and the corresponding resid-
ual stresses near the surface. The arising residual
stresses are compared to the numerically predicted
stresses in figure 15.3.

The residual stresses at the surface of the formed
shaft after forming without ejection are shown in
figure 15.3 a) and b). Near the shoulder, minor axial
compressive stresses and tangential tensile stresses
occur, which change into constant and distinct ten-
sile residual stresses along the formed shaft. The ax-
ial stresses have a value of approximately 350MPa,
the tangential stresses are around250MPa. Froma
distance of 8mm from the part shoulder, constant
residual stresses are present. This corresponds to
the literature, where a constant stress state is ex-
pected at a distance of the half diameter [12].

Figure 15.3 c) and d), which represent the resulting
residual stress with ejection, shows that the ejection
from the die reduces the tensile residual stresses. In
the axial direction, they are reduced by approxi-
mately 100MPa. In the tangential direction, only
minor stresses of 50MPa are present after ejection.
This is attributed to the elastic springback of the
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(d)Tangential stress with ejection

Figure 15.3 Comparison of experimentally determined and numerically obtained residual stresses
along a portion of the formed shaft [26].

die. Due to the resulting reduction of the die land
diameter, the formed shaft is formed again with a
slight reduction of area during ejection.

Modeling of the Forming Process

The mathematical model of the forward rod ex-
trusion has to reproduce the finite inelastic defor-
mation intrinsic to forming processes and also to
capture the Bauschinger effect due to the load re-
versal that occurs when the workpiece is extracted
from the machine via an ejection punch. To this
end, an inMSCMarc built-in combined harden-
ing plasticity formulation based on the work of
Chaboche [27] was used. It is characterized by the
yield function

f =

√
3

2
‖sred‖2 − [R + σy0] (Equation 15.1)

where sred is the deviatoric part of the reduced
stress defined as σred := σ −X ,X is the back
stress tensor,R is the isotropic hardening parame-
ter and σy0 the initial yield stress. The evolution of
the plastic strain and the backstress are given by

ε̇p = κ
∂f

∂σ
, Ẋ = κ

[
C

R + σy0

σred − γX

]
(Equation 15.2)

where κ denotes the plastic multiplier. Further-
more, the isotropic hardening parameter is given
by

R = R∞ [1− exp (−bp)] (Equation 15.3)

with p being the accumulated plastic strain. The
material parameters {R∞, b, C, γ} are calibrated
using experimental data from uni-axial tests as de-
tailed in [28]. Two sets of material parameters are
calibrated: one for the combined hardening model
and for the same model but without the kinematic
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hardening part, i.e., C = 0 and γ = 0, further
referred as the isotropic hardening model.

Forming process simulations are challenging due
to the intrinsic finite deformations and the interac-
tion between components through contact forces.
The complexity of the model requires that the dis-
cretization schemes used sufficiently resolve both
spatial and temporal scales in order to produce reli-
able results. This was investigated in [26] by simu-
lating the forward extrusion process while varying
the mesh and the load step size for the cases with
and without the ejection of the workpiece. For the
latter it was determined that, as the load step size is
reduced, the solution does not change noticeably;
thus, a coarse discretization sufficiently resolves
the temporal scale. While varying the mesh size,
it was observed that the spatial scale of the prob-
lem requires fine discretizations to obtain mesh-
independent results. The temporal and spatial
scales of the forming process with an ejection step
were found to require a finer discretization than
without ejection. Adaptive discretization schemes
may provide a way to reduce the computational
costs needed to fully resolve the scales and thus ob-
tain trustworthy results.

Using the calibratedmodel and the appropriate dis-
cretization, the full-forward extrusion process was
reproduced inMSCMarc. An extensive descrip-
tion of the simulation and the numerical considera-
tions can be found in [28]. The workpiece was sub-
jected to three load steps: a forming step, an ejection
step and an unloading step. The stress field at the
end of the latter corresponds to the residual stresses.
In figure 15.3, the numerical results as predicted by
the combined hardeningmodel and the experimen-
tal data measured alongside a path starting at the
end of the shoulder and running axially down the
deformed shaft are shown for the case with and
without ejection. A good qualitative agreement
can be observed between the numerical and the
experimental values for the case without ejection.
Themathematicalmodel leads to overestimated val-
ues of the residual stresses. When considering the
ejection step the model provides good qualitative –
yet overestimated – results for the tangential stress
in the range [15mm, 35mm]. Outside this range
and also for the axial stresses, the formulation leads

to different stress profiles. As reported in [28], the
isotropic hardening model provides better results,
both quantitatively and qualitatively, than the com-
bined hardening model. This is more noticeable
for the case when the workpiece is ejected. This
unexpected behavior hints that a more complex
material model is required to describe the plastic
flow that occurs during the load reversal and thus
obtaining accurate predictions of the residual stress
field when the workpiece is ejected from the tool
system.

The residual stress field, being the product of in-
homogeneous inelastic deformations, evolves dy-
namically as the material experiences local hard-
ening and softening throughout the loading his-
tory. This progression can not be captured by
conventional means since the residual stress field
can only be determined when all the loads acting
on the deformable body are completely removed.
As such, in order to observe the evolution of the
residual stresses, the workpiece has to be unloaded
throughout the forming process. Whereas this is
not feasible in an experimental setting, it can be
achieved numerically. This can be done through
a post-processing scheme as proposed in [23], in
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Figure 15.4 Residual stress field at 80% of the
process simulation (left) and at the end of the
process simulation (right) [23].
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which a snapshot of the solution is taken at each
load step. Subsequently, the snapshot undergoes
an unloading step resulting in the residual stress
field, as shown by way of example in figure 15.4.
The agglomerate of these unloading steps provides
the evolution of the residual stresses throughout
the simulation, and thus making it possible to to
obtain a valuable insight to the generation of the
residual stresses during the forming process.

15.4 Adjustment of Residual
Stresses

For a targeted and reliable adjustment of the resid-
ual stresses, influencing factors and their effects and
relevance need to be known. In this project, the
influence of the parameters material, die opening
angle and lubricant are analyzed among others.

Material

Forming the reference geometry with both the
austenitic steel X5CrNi18-10 and the duplex steel
X2CrNiMoN22-5-3 has led to distinctly higher ten-
sile residual stresses compared to the reference ma-
terial X6Cr17 [24]. This is due to the fact that
an increased material strength facilitates higher
residual stresses due to the extended elastic range.
However, when forming materials with different
strength and work hardening properties, differ-
ences in residual stress generationmechanismsmay
arise. When forming duplex steel X2CrNiMoN22-
5-3, it is shown in [24] that the residual stresses are
less reduced during ejection compared to the single
phase ferritic steel X6Cr17. This is attributed to the
interaction between die springback and material
strength. With lower part material strength, the
strain generated by die springback is able to plasti-
caly deform the component during ejection, while
parts with higher strength are not deformed.

Die Opening Angle

In industrial practice, the die opening angle is an
important parameter for forming process design.
Increasing the die opening angle reduces the subse-
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Figure 15.5 Experimentally determined influ-
ence of die opening angle and lubrication on
residual stresses.

quent machining work, but leads to an increase in
the required forming energy [29]. The influences
of the die opening angle with the reference geom-
etry on the residual stresses generated during part
production are shown in figure 15.5. The use of a
die opening angle of 2α = 90◦ leads to the high-
est tensile residual stresses. Both a reduction to
2α = 60◦ and an increase to 2α = 120◦ result
in lower residual stresses in the formed shaft [26].
The forming induced part temperature, which is
lowest for 2α = 90◦, is unlikely to be the cause for
these differences, since the temperatures only have a
variation of 20 ◦C [30]. Instead, the change of the
die opening angle leads to differences of the plastic
strain distribution in the interior of the specimen.
Furthermore, the contact pressures are influenced,
which changes the near-surface stresses and the tri-
bological conditions during forming.

Lubrication

For cold forming with high material strengths and
contact pressures, the billets are coated with a two-
part lubrication system. Its main task is to separate
the tool and workpiece surfaces and to enable slid-
ing. In this project, the effects of three typical cold
forming lubricants are investigated. In the double
cup extrusion test, theMoS2-based lubricant exhib-
ited the highest friction factor (m = 0.126), while
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soap (m = 0.116) and polymer (m = 0.098)
provide better lubrication. UsingMoS2, the high-
est tensile residual stresses are achieved for all die
opening angles, as shown in figure 15.5. The use
of lubricants with reduced friction factors leads to
a reduction of the residual stress values. Forming
with a die opening angle of 2α = 60◦ and the poly-
mer lubricant results in the highest near-surface
compressive residual stresses. This reduction is ex-
plained by an improved sliding of the workpiece on
the tool and thus reduced shear stresses, which leads
to a decreased plastic deformation inhomogeneity
in the near-surface areas and thus to decreased resid-
ual stress values [26]. However, the application
of the lubricants in practice is limited. While it
has been possible to successfully manufacture parts
with all lubricants for the reference material, only
MoS2 can be used for highermaterial strengths and
therefore higher contact pressures and part temper-
atures [30].

15.5 Residual Stress Stability

To estimate the influences on fatigue strength, not
only themagnitude and sign of the residual stresses,
but also their stability under typical operating loads
are relevant [19]. During operation, mechanical
load stresses are typical during the intended use
of the component. Thermal exposure can also be
encountered in the event of malfunctions or for
special components. In this project, the influences
of mechanical [31] and thermal [32] loading on the
component residual stresses were analyzed experi-
mentally.

Thermal Load

Residual stresses in components are often specifi-
cally eliminated by thermal processes such as stress
relief annealing [8], which is based on a thermal
reduction of the yield stress and therefore a trans-
formation of the elastic residual stresses into plastic
strains. It is usually performed with temperatures
of 550 ◦C to 650 ◦C and soaking times of one to
two hours. At lower temperatures, different mech-
anisms such as a thermally activated dissolution
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Figure 15.6 Residual stress stability for single
heating in the surface of the formed shaft of
each n = 3 specimens of the reference variant
(material X6Cr17, MoS2-based lubricant,
2α = 90◦.

of dislocation accumulations, which also lead to a
residual stress relaxation may occur [33].

When analyzing the thermal stability of residual
stresses, the temperature and soaking time are to be
considered. Figure 15.6 shows the residual stress sta-
bility for a single heating of the components of the
reference variant. For a temperature of 550 ◦C, sin-
gle heating leads to 22MPa remaining in the com-
ponent, which is considered stress-free. Temper-
atures of 450 ◦C and 350 ◦C significantly reduce
the stresses. Below 250 ◦C, no distinct influence
of single heating is detected. This temperature-
dependent residual stress relaxation is attributed
to a reduced material strength with elevated tem-
peratures [32]. For temperatures of 200 ◦C and
below, small changes of the residual stresses were
detected in the surface for soaking times of up to
100 h. Possible reasons for these observed changes
are the measurement incertainty or a minor reduc-
tion of tensile and compressive stress maxima in
the inside. However, due to the minor amplifica-
tion of the near-surface residual stresses, they are
considered stable at 200 ◦C and below [32].

Mechanical Load

When subjected to a mechanical load, residual
stresses are removed due to plastic deformation if
the sum of load and residual stresses exceeds the
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yield stress. After unloading and elastic recovery,
a new residual stress state is generated due to the
necessary stress equilibrium in the specimen. As a
part of this project, amodified three-point-bending
setup was used in a resonance pulsator to investi-
gate the residual stress stability under a cyclic me-
chanical load. The bending of the formed shaft
leads to a tensile load stress at the surface, which
is superimposed on the residual stress in the test
area. Depending on the load stress and the num-
ber of load cycles, three different stress relaxation
mechanisms shown in figure 15.7 have been identi-
fied [31].
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Figure 15.7 Residual stress stability mech-
anisms under cyclic mechanic loading. I.
Stability in all cycles, II. Relaxation with
subsequent stability, III. Relaxation with
subsequent relaxation.

� Constant residual stresses for all loading cycles
are found in mechanism I. This is the case if the
effective load stress as the sum of nominal load
and residual stresses does not exceed the yield
stress of the material [31].

� Achange in the first cycle and subsequent stabil-
ity occur in case II. This is explained by specific
part areas being plastically deformed in the first
loading cycle. If the sum of load and residual
stress exceeds the yield stress, the affected mate-
rial volume is plastically deformed and the re-
sulting strain hardening leads to an increase in
load-bearing capacity. If the sum of load stress
and the new residual stress is less than the yield
stress, the residual stresses remain stable in the
further course [31].

� Residual stresses are changed both in the first
and in further cycles for mechanism III. If the
generated work hardening is not sufficient to
increase the material strength to a level equal
to the load stress, plastic deformation occurs in
every load cycle, resulting in a persistent reduc-
tion of the residual stress values during cyclic
loading [31].

15.6 Operating Behavior

For the identification of the fatigue strength of the
formed components with S-N-curves, the experi-
mental setup for the analysis of the residual stress
stability is used. The experimental procedure fol-
lowsDIN 50100, using the pearl stringmethod [34].
The S-N-curve is defined by

N = C × L−k
a (Equation 15.4)

whereN is the number of load cycles to rupture,La

is the applied load amplitude, position C and slope
k. The high-cycle fatigue (HCF) regime is limited
by the low-cycle fatigue (LCF) regime with approx-
imately 104 cycles and the knee point, which rep-
resents the transition to the long-life fatigue (LLF)
regime. In the latter, a horizontal course is expected
for the ferritic steel. For the specification of the op-
erating properties, the evaluation variables used are
the slope k, the cycle number at the knee pointNK

and the load amplitude of the LLF regime.

The influence of the forming induced residual
stress state is identified by testing specimens pro-
duced with the reference variants and a compari-
son to stress-relief annealed specimens. The effect
of forming-related residual stress changes is deter-
mined using specimens formed with die opening
angles of 60◦ and 120◦. The results are shown in
figure 15.8.

In the reference variant formed with a die open-
ing angle of 2α = 90◦, the highest tensile stresses
are present after forming and ejection. This leads
to the lowest LLF stress amplitude with a value
of 350MPa. With 2α = 60◦ and 120◦, signif-
icantly lower tensile stresses are present, leading
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Figure 15.8 Experimentally determined param-
eters of the S-N-curves for different specimen
variations. a) load amplitude of the long-life
fatigue La,LLF (MPa), b) cycle number at the
knee pointNK , c) slope k of the S-N-curve

to an increased LLF stress amplitudes of 369MPa
and 375MPa, which is in the range of the annealed
reference specimens with 375MPa. Furthermore,
an increased slope of the S-N-curves occurs with
reduced residual stresses, which leads to a flatter
course. These effects are attributed to the superim-
position of the load stresses and the residual stresses.
During loading, these addup and therefore increase
the effective load stress, leading to reduced load
bearing capacity of the component.

Comparing the achievable cycle numbers at the
knee point, the residual stress-free variant shows
20% to 24% higher values than the unannealed
variants. The reason for this is the residual stress
state of the formed components. Although the
residual stresses in the surface are reduced by the
adaption of the die opening angle of the forming
tool, there are still tensile residual stresses below the
surface. By superimposition with the load stresses,
they reduce the achievable number of operating
cycles.

This leads to the conclusion that tensile residual
stresses are detrimental to operating behavior. A
full removal of the residual stress state increases fa-
tigue strength. Forming methods to reduce tensile
residual stresses near the surface offer the potential

to increase the load bearing capacity of the compo-
nents.

Material Behavior at the Microscopic Scale

The abrupt failure ofmechanical components char-
acteristic of high-cycle fatigue can be traced back
to the propagation of microscopic cracks that orig-
inate at imperfections within the material, e.g., at
the grain boundaries of polycrystalline materials.
Therefore, in order to numerically assess the influ-
ence of the residual stress field on the lifetime of the
mechanical component, the gradient crystal plas-
ticity formulation presented in [35] is augmented
to consider damage driven by cyclic loading and
the mechanical contact between grains. The for-
mulation is built upon the work of Gurtin [36–38],
which introduces vectorial and scalar microstresses,
ξα and πα respectively, of the α-th slip system as
energetic conjugates of the plastic slips γα and their
gradients. The principle of virtual work renders,
in addition to the linear momentum balance, the
microforce balance

div ξα + τα − πα = 0, (Equation 15.5)

where τα is the resolved shear stress. Equation 15.5
acts as a non-local yield condition, which is to be
solved simultaneously to the linear momentum bal-
ance when plastic flow occurs. The gradient en-
hancement introduces an energetic length scale to
the formulation that allows consideration of size-
dependent effects. Furthermore, the theory repro-
duces the dislocation pile-up occurring at the grain
boundaries. The grain boundaries can be modeled
as a cohesive zone; thus, allowing an organic intro-
duction of a damage variable that affects the inter-
action between adjacent crystals as proposed in [35].
Therein, the thermodynamic framework and con-
stitutive equations of the formulation can be found
in a detailed manner. The mechanical contact be-
tween grains is numerically implemented through
the penalty method using a quadratic energy po-
tential. To account for damage in a cyclic loading
regime, the evolution equation

ḋ = c [1− d] ζd〈δ〉 (Equation 15.6)

is proposed where d is the damage variable, c is the
damage accumulation constant, ζd is the thermo-
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Figure 15.9 The formed billet is loaded as shown in the figure by a force F with a cyclically varying
magnitude. Based upon the obtained Von-Mises stress field, a critical point is identified, in which a
representative volume element consisting of 12 crystals is inserted. Picture taken from [28]

dynamic force related to the damage variable and δ
the norm of the opening displacement at the grain
boundary.

This enhanced formulation was employed to build
upon the preliminary work presented in [28], in
which the microscopic scale in the context of for-
ward rod extrusion was first investigated using a un-
coupled multi-scale approach. In [28], the formed
billet was cyclically loaded inside the material’s elas-
tic domain, as shown in figure 15.9, and the location
of a critical point was then identified based on the
von Mises stress. At this point, a representative
volume element (RVE) consisting of 12 randomly
oriented face-centered cubic crystals, as pictured in
figure 15.9, is inserted to analyze the microscopic
material response. In the following, theRVEunder-
goes a kinematic process driven by themacroscopic
strain

εM =

⎡
⎢⎣−0.02 0 0

0 −0.02 0

0 0 0.04

⎤
⎥⎦

ij

ei ⊗ ej

(Equation 15.7)

via a half sinuswave in order to simulate the residual
stress resulting from the manufacturing process.
Afterwards, the RVE is gradually loaded with

εM = 2× 10−3 e2 ⊗ e3, (Equation 15.8)

using a linear function. The macroscopic strain in
Equation 15.8 corresponds to the mean value of the
cyclic load representing the load acting on the billet.

The amplitude of the cyclic loading is 2 × 10−4.
After 10 cycles a gradual linear unloading process
occurs in order to determine the residual stresses.

In figure 15.10 the residual stress field before and
after the cyclic loading can be seen. An overall re-
duction, which coincideswith the hypothesismade
in the preliminary work presented in [28] can be
clearly observed. Furthermore, the proposed for-
mulation identifies the grain boundaries as a critical
area in the microstructure as the magnitude of the
stress field is considerably higher than inside the
grains.

The numerical implementation of the mathemat-
ical model introduces a rate dependency through
the approximation of the scalar microscopic
stress

πα = σαsgn (γ̇α) ≈ σαerf

(√
π

2

γ̇α
ξ

)
(Equation 15.9)

where σα is the slip resistance and ξ is the regular-
ization parameter. The approximation based on
the error function was determined to better match
the rate-dependent limit for a given values of ξ.
The rate-dependent approximation leads to a con-
stant plastic flow throughout the simulation. This
fictitious effect can be reduced by small values of
ξ. Nonetheless, a better approximation leads to a
higher computational cost, especially in polycrys-
talline domains and 3D problems.
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(a) (b)

Figure 15.10 The vonMises stress inMPa corresponding to the residual stress field before (a) and
after (b) the cyclic loading.
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Figure 15.11 Evolution of the average damage
variable inside the representative volume ele-
ment over time.

The damaged enhancement leads to a gradual in-
crease of the average damage experienced by the
representative volume element each cycle, as shown
in figure 15.11. The average damage, i.e., the macro-
scopic damage allows the establishment of a frame-
work to approximate the lifetime of the billet in a
high-cycle fatigue regime.

15.7 Implications for Component
and Process Design

During forming and ejection, residual stresses are
generated in the components due to inhomoge-
neous plastic deformation. In the center of the ex-
truded shaft, compressive residual stresses, which
are in equilibriumwith tensile residual stresses near
the surface are present.

The residual stresses in the surface can be controlled
by adjustments to the die opening angle and the
lubricant. A high friction factor and a die open-
ing angle of 2α = 90◦ lead to tensile residual
stresses in the surface. A reduction of the near-
surface stresses and in some cases even a shift to
compressive stresses can be achieved by using lubri-
cants with low friction factors in combinationwith
a high die opening angle of 120◦ or a low angle of
60◦.

During operation, the forming induced residual
stresses are stable under the influence of tempera-
ture as long as it does not exceed 200 ◦C. Heating
to 550 ◦C results in a total relaxation of the residual
stresses. Between these two limits, there is a time-
dependent correlation between temperature and
stress relief.

DFG Priority Program 2013



Investigation of Residual Stress-related Elementary Processes for Cold . . . | 261

If the sum of load and residual stresses does not
exceed the yield stress of the material, the residual
stresses are not influenced. On the other hand, if
the yield stress is exceeded, a new residual stress
state, which will be stable if the sum of the new
residual stresses and the load stress does not exceed
the yield stress will be created. Otherwise, an unsta-
ble residual stress state, which changes during the
operating time of the component is present.

The tensile residual stresses generatedby forming re-
duce the achievable number of load cycles during fa-
tigue testing. An increase of the achievable fatigue
cycles can be achieved by removing the sub-surface
tensile residual stresses. Generating reduced tensile
residual stresses in the part surface by an adaption
of the forming strategy increases the load-bearing
capacity in the long-life fatigue range despite a re-
duced work hardening.

15.8 Summary and Outlook

Cold forming of steel leads to the generation of
residual stresses, which are known to influence the
fatigue behavior of formed components. In this
project, residual stress-related effects in the life of a
cold-formed stainless steel component were investi-
gated.

In a combined numerical and experimental ap-
proach, residual stress generation was analyzed us-
ing a forward rod extrusion process. In the ref-
erence variant, a pronounced residual stress state,
which was due to inhomogeneous plastic deforma-
tion during forming occurred. Besides the forming,
the die springback and the ejection of the compo-
nent in particular showed significant impacts. The
experimentally monitored mechanics were repro-
duced in the simulation. Furthermore, a numeri-
cal tool, which allows the development of residual
stresses to be traced already during forming was
developed.

Based on this, influencing variables for the targeted
setting of a residual stress state were investigated. In
particular, the reduction of friction and the use of
die opening angles of 60◦ and 120◦ were identified

for generating a compressive residual stress state
close to the surface, while high friction and a die
opening angle of 90◦ lead to distinct tensile residual
stresses.

The forming induced residual stresses proved to be
stable in the long term when subjected to a ther-
mal load of 200 ◦C, while 550 ◦C resulted in an
instant and full relaxation. Between these limits,
a time- and temperature-dependent influence oc-
curred. When subjected to amechanical load, three
basicmechanisms for residual stress relaxationwere
identified. Depending on load and residual stress
state, a stable stress state, a one time change or an
instable stress state may occur.

Distinct tensile residual stresses in the surface led
to a reduced fatigue strength in the components.
Thermal removal of the full residual stress state
resulted in an improvement of fatigue behavior. By
using forming methods for the reduction of near-
surface tensile residual stresses, it was possible to
increase the load-bearing capacity of the specimens
in long-life fatigue.

Based on these results, implications have been de-
rived for the numerical simulation and the compo-
nent and process design.

In future work, the transferability of the identi-
fied findings to more complex component geome-
tries and processes is to be investigated. Further-
more, the measured temperature of the workpiece
after ejection can reach up to values in the range
from 55 ◦C to 125 ◦C depending on the material,
die shoulder angle and lubricant. These tempera-
ture changes can lead to consequential variations
of the model’s material parameters; thus, render-
ing a purely mechanical mathematical model in-
sufficient. The intrinsic thermal effects at play
may become more relevant in real-world applica-
tions where mechanical components are subjected
to consecutive forming processes. Additionally, a
more elaborate model for the frictional contact
could lead to an increased fidelity of the results.
Lastly, a computationally robust and efficient nu-
merical implementation of the multi-scale prob-
lem to predict the lifetime of the workpiece is re-
quired to perform a fully coupled analysis in a fea-
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sible computing time. Hereby, the rate-dependent
approximation should match the behavior of the
rate-independent behavior to a great extent to be
able to simulate over several cycles without having
the fictitious effects caused by the introduced rate
dependency noticeably affecting the material re-
sponse. Furthermore, the role of a time integration
scheme capable of spanning cycles is of vital im-
portance in order to greatly reduce computational
costs.
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16 Improvement of Product Properties by Selective
Induction of Residual Stresses in Incremental Sheet
Metal Forming

Tekkaya, A. E.; Lampke, T.; Winter, L.;
Mehner, T.; Maaß, F.; Hahn, M.; Bergelt, T.

GEPRIS 372803376

16.1 Introduction

The residual stress state of metal components man-
ufactured by incremental forming processes has a
significant influence on component properties, in
particular on fatigue strength and corrosion resis-
tance. The prediction of the forming-induced resid-
ual stress state with suitable finite element models
is therefore essential for the product design phase.
Incremental sheet metal forming (ISF) is charac-
terized by low tool costs and low process forces
with an increased formability compared to conven-
tional forming processes. ISF enables the induction
of locally defined residual stresses in geometrically
identical components by adjusting the process pa-
rameters that influence the forming mechanisms.
The origin of the resulting residual stress state in
relation to the forming mechanisms of shearing,
bending, and the membrane component is mostly
unknown. The relationships between process pa-
rameters, forming mechanisms, resulting residual
stress state, and fatigue strength of parts manufac-
tured by ISF are analyzed in the joint project “Im-
provement of product properties by selective in-
duction of residual stresses in incremental sheet
metal forming” by the Institute of Forming Tech-
nology andLightweightComponents (IUL) ofTU
Dortmund University and theMaterials and Sur-
face Engineering Group (WOT) of the Institute of
Materials Science and Engineering of TU Chem-
nitz University. In particular, the influence of the
relative step-down increment on the formingmech-
anisms and the residual stresses of the component
are identified. Based on these results, concepts of

tensile and compressive stress-superposition are an-
alyzed numerically and tested experimentally to in-
crease the range of targeted residual stress adjust-
ment through the forming process. Additionally,
the influence of the forming-induced residual stress
state on corrosion resistance during fatigue testing
is analyzed. With this knowledge, forming-induced
residual stresses can be used to maximize the com-
ponent’s stability under static and cyclic loads un-
der given boundary conditions to meet the require-
ments of robust lightweight constructions.

16.2 Incremental Sheet Metal
Forming

In incremental sheet metal forming (ISF), a sheet
metal is formed by the continuous movement of a
non-geometry dependent forming tool while the
metal sheet is clamped at the edges (figure 16.1). The
forming tool is moved along a predefined tool path
derived from the desiredCADgeometry and only a
small area of the sheet is in contactwith the forming
tool. Due to the localized deformation zone, very
high strains occur locally and a higher formability
compared to conventional forming processes can
be achieved [1].

The forming toolwith a hemispherical tip of tool ra-
diusRtool is moved stepwise in the z-direction with
a constant step-down incrementΔz (figure 16.2).
The advantages of the non-geometry-dependent
forming tool are low tooling costs and a flexible
manufacturing process that is particularly suitable
for small batch sizes and rapid prototyping [2]. The
ISF process was patented by Leszak in 1967 and was
further developed tomultiple process variants with
and without using a supporting die or supporting
tools. Single-point incremental forming (SPIF) as
described by Jeswiet et al. [3] can be performed on
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Figure 16.1 Single point incremental forming
process setup.

a conventional 3-axis CNCmilling machine to pro-
duce complex parts without using partial or solid
dies. SPIF is the most flexible ISF process, but the
occurring springback leads to a comparatively poor
geometrical accuracy. Two-point incremental form-
ing (TPIF) as presented by Powell and Andrew [4]
can improve the geometrical accuracy of the manu-
factured components by using additional support-
ing tools or solid dies with reduced flexibility [1].
A common disadvantage of ISF processes is a high
process time compared to conventional forming
processes. The process combination of ISF and
stretch forming presented by Taleb Araghi et al.
[5] can lead to a noticeable reduction of process
time. In a two step-process the sheetmetal is stretch
formed over a positive die using a servo-drivenmov-
able blank holder. After the stretch forming pro-
cess, features can be formed into the pre-formed
part using ISF to achieve the final part geometry.
A more uniform thickness distribution with a re-
duced amount ofmaximum thinningwas observed
using this process combination.

Figure 16.2 Incremental forming process.

16.2.1 Forming Mechanisms

The high formability in incremental sheet metal
forming is due to the superposition of the form-
ing mechanisms bending and shearing, and the
membrane component [1], which enables forming
of high-strength materials and complexly shaped
components compared to conventional forming
processes. The influence of each forming mecha-
nism on the forming process has been discussed
in several publications and is still not fully clear.
Silva et al. [6] indicated the influence of mem-
brane stretching as an important mechanism in
SPIF related to sheet thickness reduction. Sebas-
tiani et al. [7] demonstrated experimentally mem-
brane stretching perpendicular to the tool move-
ment. This effect increases with decreased verti-
cal tool step-down increments and forming tool
radii [8]. The influence of the bending mechanism
as an essential forming mechanism is proposed by
Emmens et al. [9]. Larger strains on the tool side
than on the non-tool side and non-linear stresses
on the tool side are shown as results of the bending
mechanism during the forming operation [10]. In
SPIF, bending always occurs in combination with
a stretching component perpendicular to the tool
feed. Therefore, additional tensile residual stresses
on the tool side can be measured. Sebastiani et al.
[7] detected larger plastic strains perpendicular to
the tool feed on the tool side than on the non-tool
side. The importance of the shearing mechanism
for this process is related to the comparison of SPIF
and the process of metal spinning [11]. Three dif-
ferent types of shearing that are relevant for SPIF
can be distinguished: in-plane shear [12], shearing
through the sheet thickness [13], and out-of-plane
shear [7]. Maqbool et al. [8] demonstrated increas-
ing through-thickness shear in the tool direction
with decreasing step-down increment, increasing
sheet thickness, or increased friction. Additionally,
through-thickness shear increases with higher wall
angles [14]. The shear due to the tool feed leads
to a shear gradient in through-thickness direction
[15], but is not an essential forming mechanism for
incremental sheet metal forming [16]. Silva et al.
[6] explained by membrane theory that stretching,
not shear, is the dominant forming mechanism in
the SPIF process. Out-of-plane shear was only pro-
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posed by numerical investigations and not yet vali-
dated [17]. The contact pressure of the forming tool
during the forming operation leads to additional
compressive stresses in the forming zone. These
compressive stresses stabilize the forming process
and lead to the increased formability of thematerial
[2].

16.2.2 Residual Stress Analysis in
Incremental Sheet Forming

Tanaka et al. [18] demonstrated the influence of
the tool radius on the residual stress state of an in-
crementally formed rotor blade based purely on
numerical process simulations. The prevailing ten-
sile residual stresses in the near-surface edge layers
of the component and the compressive stresses in
the deeper layers were increased in amplitude by de-
creasing the tool radius. An experimental analysis
of the residual stress was done byRadu et al. [19] us-
ing incrementally formed aluminum (Al99.5) trun-
cated cones and pyramids. The state of residual
stress in the component was determined using the
hole-drilling method for thin-walled components
(t0 = 0.6mm) and correlated to the process pa-
rameters tool radiusRtool, tool step-downΔz, feed
rate vf and rotational speed of the tool θ. The lit-
erature demonstrates the potential of influencing
residual stresses by the incremental forming pro-
cess. Separately, experimental and numerical results
show the influence of several process parameters on
the resulting residual stress. The consideration as
a phenomenological effect of the process parame-
ters on the residual stresses without involving the
forming mechanisms limits the transferability of
these findings. A validation of the numerical mod-
els to predict residual stresses is also not given. Over-
all, residual stresses largely determine the product
properties of manufactured components. Espe-
cially near-surface residual stresses can reduce or
increase the fatigue strength of a component un-
der static and cyclic loads although the influence
of forming-induced residual stresses by incremen-
tal forming on fatigue strength has not been inves-
tigated yet. The targeted adjustment of residual
stresses in components to improve the component
performance, especially through near-surface com-
pressive residual stresses or the targeted reduction

of residual stresses to reduce geometric distortion,
is widespread in industry. To adjust the residual
stresses, subsequent processes, such as shot peen-
ing or heat treatment processes that need additional
resources are used. The use of targeted forming-
induced residual stresses can possibly make these
subsequent processes superfluous if transferable
knowledge about the formation of residual stresses
and reliable residual stress prediction models are
available.

16.3 Analysis of the Single Point
Incremental Forming Process

Experimental and Numerical Procedure

The initial material for the following investigations
is the cold-rolled wrought aluminum alloy AA5083
(AlMg4.5Mn) in the H111 state with an initial sheet
thickness t0 = 1.0mm. Uniaxial tensile tests and
cyclic in-plane torsion tests are performed for ma-
terial characterization (figure 16.3).

Figure 16.3 Material characterization of
AA5083.

Since the material properties required for the nu-
merical analysis exceed the range of the uniaxial
tensile test, an extrapolation approach according to
Ludwig is used [20]: kf = 159.9+220·ϕ0.41MPa.
A numerical process model inABAQUS is set up
according to [21] to analyzed the process. The ex-
plicit model uses solid elements for the deformable
sheet.
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Figure 16.4 Truncated cone geometries ana-
lyzed.

The material model including combined isotropic-
kinematic hardening based on Chaboche [22] is
used to analyze the process. Two different trun-
cated cone geometries are manufactured by SPIF.
The dimensions of the truncated cone geometries
are shown in figure 16.4. In this project, the depen-
dence of the forming mechanisms shearing, bend-
ing, and the membrane component on the process
parameterΔz is shown for truncated cone geome-
tries [21]. A conventional 5-axis milling machine
DMU 50 fromDMGMori is used to perform the
SPIF process according to figure 16.5. Production
is carried out with a bidirectional tool path and
a driven forming tool with a tool radius Rtool =
5mm. The step-down increment is varied in three
steps: Δz24 = 1.875mm, Δz12 = 3.750mm,
andΔz8 = 5.625mm. All other process param-
eters are kept constant. The sheet is fixed with a
clamping frame (figure 16.5). A deep-drawing oil
(Castrol Iloform PN 226) is applied to the sheet
metal surface as a lubricant.

Figure 16.5 SPIF process setup.

16.3.1 Forming Mechanisms

In addition to the experiments, the step-down in-
crementΔz is varied in a numerical process model
while the tool radius Rtool and the other process
parameters as well as the final geometry are kept
constant. The determination of the resulting resid-
ual stresses and their development with regard to
the forming mechanisms, as a result of the process
parameter adjustment, is carried out numerically.
Quantitative values for the forming mechanisms
are derived by the output of the stress and strain
components of the numerical model. The relevant
stress and strain components of each volume ele-
ment are evaluated at the measuring point in the
center of the cone wall (figure 16.6). The principle
stress components taken into account for the mem-
brane component (m) are the average values σm

11,
σm
22, σ

m
33 and for shearing σ12, σ23 and σ13. The val-

ues for bending (b) cannot be output directly from
the numerical model, so the following relationship
is defined σii := σm

ii + σb
ii respectively strain-wise

ϕii := εmii + εbii for i = 1, 2, 3. Therefore, the
bending components are calculated by stress and
strain superposition according to σb

ii = σii - σm
ii

respectively εmii = εii - εmii for i = 1, 2, 3. The re-
sulting platic energy fractions of the mechanisms
are validated by comparing their sum with the spe-
cific total plastic energy given by the finite element
solver.

The forming mechanisms are evaluated on the in-
side andoutside in themiddle of the truncated cone
wall according to figure 16.6. The near-surface el-
ement is evaluated in each case. An evaluation of
the forming mechanisms on the tool side shows a
significant and continuous increase of the impact
of shearing with decreasing step-down increments
(figure 16.7) [21]. At the same time, the influence
of the bending mechanism decreases continuously
with decreasing step-down increments. The pro-
portion of the membrane component on the tool
side varies in a small, almost constant range when
adjusting the step-down increment size. On the
non-tool side, the qualitative development of the
formingmechanisms is the same as on the tool-side.
However, the formingmechanisms of shearing and
the membrane component are at a lower level than
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Figure 16.6 Dimensions of the truncated cone
(top) and numerical model of the formed com-
ponent (bottom).

on the tool side. The bending mechanism is higher
on the non-tool side, though.

The numerical results are supported by experimen-
tal texture analysis of truncated cone geometries
[23]). Figure 16.8 a-d shows the determined tex-
ture of the outside of the truncated cone wall in
comparison with the initial rolling texture and a
reference shear texture of an in-plane torsion test
sample. The {222}-pole figures on the outside of
the component show the formation of a character-
istic {222}-pole figure of the shear test as the size of
the step-down increment decreases. Starting from
the less pronounced rolling texture of the initial
sheet, the center of the pole figure is distorted with
decreasing step-down increment size. In addition,
the six characteristic intensities of the shearing tex-
ture are formed at the edges. The truncated cones
on the outside of thewall were analyzedwith regard
to the development of a characteristic bending tex-
ture. The {220}-pole figures in figure 16.8 e-h show
the texture developmentwith increasing step-down
increment compared to the initial texture and a
reference sample of a bent sheet. With increasing
step-down increment size, vertical intensity bands

are formed from the initial rolling texture, which
correspond to the characteristics of the experimen-
tally measured bending specimen. The intensities
increase as the increment size increases.

Figure 16.7Numerical evaluation of the form-
ing mechanisms for a) tool side and b) non-tool
side of a truncated cone wall [21].

16.3.2 Process Forces, Geometry, and
Material Hardness

A comparison of the experimentally measured in-
situ process forces Fz for the three different step-
down incrementsΔz is shown in figure 16.9. An
increasing step-down incrementΔz results in a re-
duction in the process time. Themaximumprocess
force Fz of the considered process window corre-
sponds to a reduction of 46% comparing 24 incre-
ments (FΔz = 1.875mm = 1.89±0.04 kN) and eight
increments (FΔz = 5.625mm = 3.49 ± 0.07 kN).
There is good agreement between the experimental
and the numerical results with a maximum devi-
ation of 8%. The peak forces are a result of the
tool step-down. The time span between two peaks
decreases due to the decreasing diameter of the tool

DFG Priority Program 2013



270 | Improvement of Product Properties by Selective Induction of Residual . . .

Figure 16.8 {222}-pole figures of the a) ini-
tial sheet, truncated cone geometry b) Δz =
3.75mm, c) Δz = 1.25mm and d) shear
texture of in-plane torsion test specimen and
{222}-pole figures of the e) initial sheet, trun-
cated cone geometry f) Δz = 3.75mm, g)
Δz = 1.25mm and h) bending texture, sheet
metal normal direction [23].

Figure 16.9 Experimental process forces Fz for
Δz = 1.875˘5.625mm [21].

path circle with the increasing depth of the cone.
A comparison of the geometry (cut A-A) of the ex-
perimental results is shown in figure 16.10. With a
decreasing number of step-down increments, there
is an increasing waviness on the inner surface.

Figure 16.10 Comparison of the cone’s geome-
try formed with varying step-down increments
Δz = 1.875˘5.625mm in the cut view A-A
[21].

The maximum geometric deviation from the CAD
target geometry is 11% due to process-related
springback effects. The deviation is defined as the
maximum distance between two points on the pro-
files with the same z-coordinate. The highest devi-
ation is measured in the flange area after unclamp-
ing. However, the accuracy of the final geometry
increases with a decreasing number of step-down
increments due to decreased springback, the max-
imum deviation between the three final geome-
tries is 4.8%. Therefore, it can be assumed that
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a variation of the step-down increment, within
the examined limits, has no significant effect on
the resulting geometry of the component. The
sheet thickness distribution along the cut A-A
is shown in figure 16.11. The initial sheet thick-
ness of t0 = 0.96 ± 0.01mm decreases with
an increasing number of step-down increments.
The decreasing sheet thickness reduction varies be-
tween 26.8% for Δz = 1.875mm and 44.7%
forΔz = 5.625mm (figure 16.11). The experimen-
tally determined sheet thickness is smoothened to
reduce the high level of noise due to the light reflec-
tions during the optical sheet thickness measure-
ment using 3D-structured light projection.

Figure 16.11 Comparison of the cone’s sheet
thickness distribution with varying step-down
incrementsΔz = 1.875˘5.625mm in the cut
view A-A of figure 16.10 [21].

The maximum deviation between experiment and
numerical results is 9% for the sheet thickness.
With a decreasing number of increments, the thick-
ness distribution along the conewall becomesmore
homogeneous. Due to the incremental forming of
the cone wall, the initial sheet thickness is only re-
duced in the cone wall area. In the clamped flange
area and the unformed bottom area of the part,
the initial sheet thickness remains constant. The
sheet thickness predicted by the sine law for the
wall angle Ψ = 45◦ is t1 = 0.68mm. The sine
law is based on considering pure shear deforma-
tion. From figure 16.7, it can be concluded that
the shearingmechanism decreases as the step-down

increment increases. This fact explains the decreas-
ing prediction quality of the sine law with a higher
number of increments. The Vickers hardness mea-
surement corresponding to HV10 is used to de-
termine the average hardness in the cross-sections
of the component wall (figure 16.12). The mate-
rial hardness of the AA5083 initial material of 69
HV10 is significantly increased by the process due
to work hardening. With regard to the step-down
increment, there is an increase in the material hard-
ness in the cone wall with decreasing step-down in-
crement, corresponding to the observed thinning.
The hardness of 93 HV10 for Δz = 5.625mm
increases monotonously up to amaximum value of
102HV10 forΔz = 1.875mm. This corresponds
to an increase in material hardness of 8.4% in the
middle of the cone wall.

Figure 16.12 Development of material hard-
ness with increasing step-down increment in the
cone wall cross section.

16.3.3 Residual Stresses

The residual stresses of the formed truncated cone
geometry are numerically output in the evaluation
point (figure 16.6) on the tool side and the non-
tool side. Additionally, experimental residual stress
measurements are carried out on the unclamped
specimens using nondestructive X-ray diffraction
(XRD) methods. A portable X-ray diffractome-
ter Xstress 3000 G2R from Stresstech is used to
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evaluate the near-to-surface residual stresses. The
residual stresses on the inside of the truncated cones
(tool side) are tensile residual stresses (figure 16.13 a).
Considering the residual stresses σr perpendicu-
lar to the tool feed direction, the tensile residual
stresses on the tool side decrease monotonously
from σr = 144MPa down to almost zero with
increasing step-down increment. The residual
stresses on the non-tool side become less distinct
with increasing step-down increment. The residual
stresses in tool feed direction σt inside the com-
ponent (tool side) decrease monotonously with in-
creasing step-down increment, fromσt = 97MPa
forΔz = 1.875mm to σt = 43MPa forΔz =
5.625mm (figure 16.13 a).

Figure 16.13 Residual stress development at a)
tool side and b) non-tool side with increasing
step-down increment [21].

The residual stresses experimentally measured us-
ing XRD validate the numerically predicted resid-

ual stress development inside the cone wall with
increasing step-down incrementΔz. The residual
stresses in tool feed directionσt originate fromcom-
pression of thematerial in the circumferential direc-
tion due to bending around the forming tool. After
unloading, tensile residual stresses result from the
compression of the material. The compression is
superposed by stretching due to the relative move-
ment between the tool and the workpiece surface
[23]. The residual stresses on the non-tool side of
the cone wall are compressive residual stresses (fig-
ure 16.13 b). These compressive residual stresses are
caused by the bending-induced stretching of the
material around the tool as a result of the tool step-
down. The bending mechanism increases with in-
creasing step-down increment while the shearing
mechanism decreases at the same time. The higher
proportion of bending on the outer sheet radius
around the forming tool causes stretching during
forming, which leads to higher bending-induced
residual stresses on the outside of the conewall than
on the tool side.

16.4 Analysis of the Process
Enhancements

Depending on the process parameter step-down
increment, the forming mechanisms and thus
the forming-induced residual stresses in incremen-
tally formed components can be adjusted. Small
step-down increments cause higher tensile residual
stresses on the tool side of the component. These
tensile residual stresses potentially decrease the fa-
tigue strength of cyclically loaded components. On
the other hand, for large increments tensile resid-
ual stresses on the tool side are reduced. However,
large increments cause an increased waviness on
the component surface. In addition, the maximum
size of the step-down increment is limited by the
maximum forming force of the forming machine
and the formability of the material. Two process
enhancements are presented in order to expand
the process window for setting residual stresses
through incremental sheet metal forming: a con-
cept for superposing compressive stress across the
sheet thickness by using an elastic counter die (ISF
with counter pressure) [24] and a concept for su-
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perposing tensile stresses over the sheet metal plane
during forming [25].

16.4.1 Incremental Sheet Metal Forming
with Counter Pressure

The TPIF process developed by Matsubara [26]
can improve the geometric accuracy of the manu-
factured components by using supporting dies [27].
However, by using dedicated solid dies, the TPIF
process is less flexible than SPIF. In contrast to the
SPIF process, the tool moves from the inside to the
outside, while the guided clamping frame moves
continuously downward. In the case of TPIF, the
sheet is supported on the non-tool side either by a
partial or full die or by a second forming tool [28].
In addition to TPIF with rigid dies, the use of flexi-
ble dies is gaining increasing interest. It can be dis-
tinguished between adjustable full and partial dies
as in [16] and active or passive medium dies. The
media can be polyurethane, oil or other viscous me-
dia or compressed air. A description of the process
principle for pressure-stressed, superimposed incre-
mental sheet metal forming using a polyurethane
tool (TPIF) is shown in figure 16.14.

Figure 16.14 Process setup of ISF with counter
pressure [24].

The process setup for the SPIF process is enhanced
to a TPIF process by integrating a polyurethane
plate. A polyurethane die is placed below the un-
processed sheet metal. The polyurethane die is in-
stalled by form-fit joints and fixed in all directions.
The positioned and clamped sheet metal is formed
into the polyurethane die by the forming toolmove-

ment in the z-direction.The concept is compared
to SPIF regarding the component properties and
especially the residual stresses in the following chap-
ters.

16.4.2 Process Forces, Geometry and
Material Hardness

Figure 16.15 shows the process force in the z-
direction for the production of small truncated
cone geometries. The forming force for the SPIF
process increases with each tool step-down.

Figure 16.15 Process forces of SPIF compared
to ISF with counter pressure. [24]

Compared to the forming force of the ISF with
counter pressure, the qualitative curve progression
is equal to that of the SPIF process. The values of
the forming forces are significantly higher for the
ISF with counter pressure compared to the SPIF
process forces. The maximum forming force in the
z-direction for the SPIF process (Fz = 0.8 kN) is
79% higher in the comparable ISF with counter
pressure experiment (Fz = 1.8 kN). The force out-
put in the z-direction of the ISF with counter pres-
sure calculated by the numericalmodel as presented
in figure 16.15 shows a satisfactory agreement with
the experimental results. The die material is mod-
eled using a hyper-elastic material model (Mooney-
Rivlin). The sample with counter pressure shows
a high geometrical accuracy for the bottom area,
which s not achieved with the SPIF process. There-
fore, three geometries are compared: the SPIF com-
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ponent, a component manufactured with ISF with
counter pressure using the same SPIF parameters
and a component with adjusted process parame-
ters for the SPIF process to meet the geometrical
accuracy of the ISF with counter pressure (SPIF
compensated). A comparison of the sheet thick-
ness in the cone wall for the three process variants
can be seen in figure 16.16 a.

Figure 16.16 a) Sheet thickness in the cone wall
for three process variants, b) Material hardness
in the cone wall for three process variants [24].

The measured thickness of the initial base mate-
rial is around t0 = 0.97mm. A sheet thickness
reduction occurs for all process variants. The small-
est thickness reduction of 6% is observed for the
SPIFprocess compared to the initial sheet thickness.
The thickness reduction of 15% for the ISF with

counter pressure process is significantly higher be-
cause of the added compression. Besides the sheet
thickness, the material hardness is measured in the
cross section of the cone wall at the selected point
using Vickers hardness HV0.3 (figure 16.16 b). All
hardness values are mean values of three measure-
ments. The initial material hardness of the AA5083
basematerial ismeasured to be 74±3HV0.3. After
the forming processes, all specimens have a signifi-
cantly highermaterial hardness in the forming zone
compared to the initialmaterial hardness. The spec-
imen with the highest thinning (ISF with counter
pressure) shows the highest increase in material
hardness of 31%. In the forming zone of the SPIF
specimen, the lowest material hardening of 20%
occurs correspondingly.

16.4.3 Residual Stresses

The measured residual stresses in the tool feed di-
rection (figure 16.17 a) on the tool side significantly
differ for the three process variants. There is a shift
from tensile residual stresses to compressive resid-
ual stresses between the specimen manufactured
with ISF with counter pressure and the SPIF spec-
imens. The SPIF and SPIF compensated cones
both show tensile residual stresses with equal am-
plitudes of approximately σr = 130MPa. In the
truncated cone manufactured using compressive
stress-superposed ISF notable compressive resid-
ual stresses σr = −45MPa) occur perpendicular
to the tool feed at the tool side. In the tool feed
direction on the tool side the residual stresses are
tensile residual stresses for all three process vari-
ants. The highest tensile residual stress can be
observed in the SPIF manufactured part with ap-
proximately σt = 155MPa. The residual stress
states on the non-tool side are compressive residual
stresses for all stress components and process vari-
ants (figure 16.17 b). The residual stresses perpen-
dicular to the tool feed at the non-tool side are high
compressive residual stresses in the same range near
σr = 210MPa. The compressive residual stresses
in tool feed direction are comparatively high for
the ISF with counter pressure specimen, close to
σt = 195MPa. The comparable residual stresses
of the SPIF compensated geometry are lower, at a
level close to σt = 100MPa.
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Figure 16.17 Residual stresses on the cone a)
tool side and b) non-tool side for three process
variants [24].

16.4.4 Tensile Stress-superposed
Incremental Forming

The process setup for tensile stress-superposed in-
cremental forming (TSSIF) is given in figure 16.18.
A SPIF setup is used consisting of a forming tool
Rtool = 5mm and clamping frame. Instead of
a rigid clamping, an adjustable clamping is added
to the SPIF setup. Two sides of the clamping can
be moved by hydraulic cylinders along rails in the
x-y-direction independently. The forming area
is not affected by the TSSIF setup. The TSSIF
setup is mounted to a DMGMori® 5-axis DMU
50 milling machine. Two different tensile prestress

Figure 16.18 TSSIF process setup [25].

values are applied, namely 20% and 40% of the
initial yield stress of the AA5083 material of σy,0 =
160MPa.

16.4.5 Geometry and Material Hardness

Sheet thickness and material hardness evaluations
are performed at the location of the selected point
(figure 16.6). The resulting sheet thickness evalu-
ation is shown in figure 16.19 a. Sheet thickness
values are mean values of three repetitions. The
sheet thickness reductionmeasured in the conewall
is almost equal comparing the three process vari-
ants. The resulting thickness is equal to the the-
oretical value tanalytic = 0.74mm) calculated by
the sine law for truncated cones with a wall angle
Ψ = 40◦. Thematerial hardness is measured in the
cross section of the cone wall using Vickers hard-
ness HV0.3 (figure 16.19 b). All hardness values are
mean values of three measurements. The initial
material hardness of the delivered AA5083 mate-
rial is 74± 3HV0.3. After the forming processes,
all specimens have a significantly higher material
hardness of between 114 and 116 HV0.3 in the
forming zone compared to the initial material hard-
ness. Within the accuracy of the measurements, no
significant hardness difference between the process
variants can be observed.
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Figure 16.19TSSIF a) thickness andb) hardness
measurements [25].

Residual Stresses

An evaluation of the experimentally measured
residual stresses located at the selected point of the
cone wall in tool feed direction and perpendicular
to the tool feed on the tool side and the non-tool
side was done. The residual stress evaluation of
the numerical model is performed accordingly (fig-
ure 16.6). The residual stresses perpendicular to the
tool feed direction on the tool side are tensile resid-
ual stresses (figure 16.20 a). The residual stresses
monotonously increasewith increasing superposed
tensile stress. The residual stresses in tool feed direc-
tion are increased by 25% for TSSIF with a tensile
stress equal to 20% of the initial yield stress and

Figure 16.20 Residual stresses on the cone a)
tool side andb) non-tool side for SPIF compared
to TSSIF [25].

49%with a superposed tensile stress equal to 40%
of the initial yield stress.

The residual stresses perpendicular to the tool feed
on the tool side monotonously increase with in-
creasing superposed tensile stress (figure 16.20 a).
The circumferential residual stresses are increased
by 47% for TSSIF with a tensile stress equal to
20% of the initial yield stress and 57%with a su-
perposed tensile stress equal to 40% of the ini-
tial yield stress. The numerical results show the
same behavior qualitatively and quantitatively. An
evaluation of the residual stresses in tool feed di-
rection and perpendicular to the tool feed direc-
tion on the non-tool side of the part is shown in
figure 16.20 b. The residual stresses perpendic-
ular to the tool feed direction on the non-tool
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side are compressive residual stresses for the SPIF
process. The residual stresses monotonously de-
crease into the tensile range with increasing su-
perposed tensile stress. The compressive residual
stresses perpendicular to the tool feed direction
σr = −89± 19MPa are changed to tensile resid-
ual stresses for TSSIF. The compressive residual
stresses in the circumferential direction on the non-
tool side monotonously decrease into the tensile
range with increasing superposed tensile stress The
numerical results show the same behavior quali-
tatively and quantitatively. Hence, TSSIF is only
capable of intensifying the residual stress amplitude
toward more tensile stresses.

16.5 Analysis of Fatigue Strength

The process analysis indicates the possibility of the
targeted adjustment of the residual stresses of a
component manufactured by incremental form-
ing processes. An evaluation of the influence of the
adjusted residual stress state on fatigue strength is
conducted. Truncated cone specimens are clamped
at the edges and at the bottom in a resonant testing
machine and are loaded until a visible crack occurs
at the wall of the cone geometry (figure 16.21). The
crack always occurs perpendicular to the aforemen-
tioned σr-direction 16.6.

Figure 16.21 Fatigue testing setup.

To evaluate the influence of the residual stresses on
the fatigue strength of the component, reference

tests are performed with stress-relieved truncated
cone components. The specimens are heat-treated
for 2min at 300 ◦C including 1min holding time.
Using a cyclic loading test setup for heat-treated
and not heat-treated specimens, as explained in
[29], with an increasing number of increments, the
relationship between residual stresses on the tool
side and the failure of a component is shown (fig-
ure 16.22). The failure can be clearly assigned to
the residual stresses by comparing stressed speci-
mens and stress-relieved specimens. A relationship
between the tensile residual stresses on the tool
side and a 42% reduction of the lifetime in cyclic
load tests until component failure is experimentally
shown.

Figure 16.22 Influence of step-down increment
Δz on the fatigue strength of cyclically loaded
truncated cones [29].

16.5.1 Numerical Fatigue Strength Model

The numerical model of the incremental sheet
metal forming modified by cyclic load is based on
the experiments. By coupling with the program
fe-safe, fatigue strength predictions were possible
for the differentΔz (1.25mm and 3.75mm). The
model is able to show the influence of residual
stresses on the beginning of the crack on the inside
of the truncated cone. The model is therefore suit-
able for supporting the experiments, but in order
to do predictions beyond the verified limits further
optimizations are needed.
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16.5.2 Influence of Corrosion

Residual stresses strongly effect the fatigue strength
of a component. Tensile residual stresses in corro-
sive environments especially can lead to early fail-
ure due to stress corrosion cracking [30]. Cyclic
loading test are performed to analyze the influence
of the residual stress state on the corrosion resis-
tance of AA5083 truncated cones. Two geometri-
cally identical cones are manufactured with two
different sets of process parameters to generate dif-
ferent residual stress states. A step-down incre-
ment Δz = 1.25mm is used to generate com-
parably high tensile residual stresses in the cone
wall, whereas Δz = 3.75mm is applied to gen-
erate comparably low tensile residual stresses (fig-
ure 16.23).

Figure 16.23 Influence of corrosionon cyclically
loaded truncated cones manufactured with two
different step-down incrementΔz.

A cyclic load with Fmax = 2,000N and Fmin =
200N is applied to the specimen with a frequency
of f = 55Hz. To analyze the corrosive influ-
ence, a pre-corroded specimen dipped in corrosive
medium (3.5% NaCl, pH 3) for 7 days is com-
pared to an in-situ corroded specimen by applying
a corrosive gel electrolyte (3.5%NaCl, pH 3) dur-
ing the fatigue testing procedure. The as-produced
specimens show a significant difference in the cycles
until crack initiation. Due to the high tensile resid-
ual stresses inside the conewall, the fatigue strength
of theΔz = 1.25mm component is reduced by
46% compared to the Δz = 3.75mm compo-

nent. The fatigue strength of the in-situ corroded
specimen is limited to 51% of the as-produced
specimen forΔz = 1.25mm. There is no signifi-
cant change of the fatigue strength for the in-situ
corroded specimen regarding theΔz = 3.75mm
case for two different step-down increments. Thus,
the in-situ corrosion is less sensitive to the different
residual stress states. A local corrosion attack (pit-
ting) at defects or precipitates during in-situ corro-
sion serves as the starting point of crack growth and
causes the premature cracking of the component.
The fatigue resistance of the pre-corroded speci-
men is similar to the in-situ corroded specimen at
a low level. However, the harsher conditions of
pre-corrosion (i.e., long exposure time) caused pit-
ting with deeper pits than during in-situ corrosion,
which results in the lower number of cycles until
cracking. Both after pre-corrosion and during in-
situ corrosion, the corrosive media has a significant
influence on the fatigue strength of the component.
This influence is so pronounced that present resid-
ual stresses can rather be disregarded with respect
to their influence on fatigue strength.

16.6 Transferability of the Results
and Application

To analyze the transferability of the project re-
sults to other materials [31], the influence of
the step-down increment on the residual stress
state for austenitic-ferritic dual-phase steel 1.4462
(X2CrNiMoN22-5-3, t0 = 1mm) is experimen-
tally investigated. According to the findings for the
aluminum AA5083 material, the residual stresses
of both phases can be modified in a targeted man-
ner by varying the size of the step-down increment
(figure 16.24 a). An industrial application for the
incremental forming process forms a cavity in high-
strength steel seat rails for car seating as shown in
figure 16.24 b. The calotte geometry is used to over-
come the distance created by the carpet and insula-
tionmaterial to the car body at themounting point.
The cavity is exposed to quasi-static and cyclic loads
during operation. The ability to influence the resid-
ual stresses of this component to enhance its fatigue
strength is a suitable application for the knowledge
generated in this project.
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Figure 16.24 a) Influence of the step-down in-
crement on the residual stress state of dual-phase
steel 1.4462 truncated cones. b) 1) Car seat with
2) seat rail and 3) mounting point.

16.7 Conclusion

In this project regarding the incremental sheet
metal forming process, the relationship between
the process parameters, the forming mechanisms,
the resulting residual stress state and fatigue
strength of formed components in a corrosive en-
vironment was analyzed. The key findings can be
summarized as follows:

� The residual stress prediction model was vali-
dated by XRDmeasurements for the material
AA5083. The prediction quality of the model
was increased by considering the unclamping
process and the kinematic hardening in the ma-
terial model [32].

� For the analyzed geometries, near-surface tensile
residual stresses on the component’s tool side
and compressive residual stresses on the non-

tool side are detected. The residual stress values
can be set by the step-down incrementΔz and
the tool radiusRtool.

� The increasing reduction of sheet thickness
with increasing hardening as a result of the
shearing mechanism for smaller step-down in-
crements causes an increase in the tensile resid-
ual stresses on the tool side.

� The increasing impact of the bending mecha-
nism with an increasing tool step-down incre-
mentΔz causes a stretchingof thenon-tool side,
which leads to an increase in the compressive
residual stresses on the non-tool side.

� Compressive stress superposition during the
process can lead to a shift to compressive resid-
ual stresses, which enables compressive residual
stresses on both sides of the formed component.

� Tensile stress superposition leads to a shift of the
residual stresses toward tensile residual stresses.

� Targeted forming-induced residual stresses lead
to a 172% increase in fatigue strength for
AA5083 truncated cone geometries.

� The effect of the forming-induced residual
stresses on fatigue strength in corrosive environ-
ments is negligible for AA5083.
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17 Characterization and Utilization of Process-induced
Residual Stresses for the Manufacture of Functional
Surfaces by Near-net-shape Blanking Processes

Nürnberger, A.; Müller, D.; Holzer, K.; Hart-
mann, C.; Tobie, T.; Stahl, K.; Volk, W.

GEPRIS 374524261

17.1 Introduction

Near-net-shape blanking (NNSB) processes enable
the production of functional complex surface con-
tours in an economicalway. Theblanking processes
are characterized by high plastic deformation and
thus induce significant residual stresses in the pro-
duced part. Up to now, process-induced residual
stresses have not been investigated with respect to
their suitable use or even how to control for their
tensile and compressive residual stress components
to ensure targeted, part-specific residual stress pro-
files. Controlling the single step NNSB process-
induced residual stresses offers great potential to
substitute the cost-, energy- and time-intensive heat
treatment and the subsequent required grinding
for highly loaded parts such as gears. In the follow-
ing, the main investigations and results of the six-
year research project are presented. The research
project consists of three funding periods. In the
first period, simplified geometries helped to choose
a promising NNSB process. In the second period,
fineblanking was used to produce a pinion with
shear cutting parameters optimized for the pre-
vention of fatigue failure. In the last period, the
results were bundled and used to produce a pin-
ion/wheel pair from higher strength steels. Finally,
it is possible to increase the load-bearing capacity of
power-transmitting gears without heat treatment
by process-induced residual stresses.

17.2 State of the Art

NNSB processes are precision cutting technologies
for the production of metallic cutouts [2]. These
separating manufacturing processes do not pro-
duce chips and economically produce components
with cutting surfaces suitable for use as functional
surfaces. With the exception of a deburring step,
which may be necessary, the components can be
produced ready for use in a single stroke [3].

The cutting surfaces (compare figure 17.1) of such
components are characterized by a high clean cut
percentage and an almost perpendicular angle to
the cut part surface. Figure 17.2 shows five selected
near-net-shape blanking processes. The processes
illustrated use very small die clearances (the circum-
ferential gap between punch and die) in the range
of approximately urel = 0.5% to 2% of the sheet
thickness. The die cutting edge is defined in the
form of a chamfer or radius. For the fineblanking
and precision blanking processes three forces act in-
dependently of each other, the v-ring force FV R or
blank holder force FBH , the counter punch force
FCP and the blanking force FB , which requires
the use of special presses. [2] On the other hand,

Figure 17.1 Cutting surface characteristics of
functional surfaces produced with NNSB pro-
cesses [1].
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Figure 17.2 Overview of the investigated near-
net-shape blanking processes.

precision blanking without blank holder, blanking
with small die clearance and blanking with small
die clearance and v-ring can be carried out on single-
acting presses. The forces required in addition
to the cutting force can be applied passively, e.g.,
via springs. [4] Extensive investigations on opti-
mized cutting surface characteristics by Hörmann
[2] show that a small die clearance, a chamfer on
the cutting edge of the die and the use of a v-ring
on the die lead to high contact ratios on the cut-
ting surfaces. The reason for this is said to be an
increased compressive stress state in the shear area
through which the fracture strength of the sheet
material is reached later, resulting in a high clean
cut percentage or contact ratio, respectively. In
order to counteract the deflection of the cut part,
the use of a counter punch shows the greatest ef-
fect. This is realized by clamping the cut part be-

tween the punch and the counter punch during
the blanking process, which almost completely pre-
vents plastic deflection. Hörmann [2] concludes
that the cutting surface characteristics achieved by
fineblanking are not in total reached by any of the
other NNSB processes mentioned above.

The conventional manufacturing process of power-
transmitting gears consists of milling, heat treat-
ment and grinding. All three steps are costly as
well as energy and time intensive. For power-
transmitting gears usually helical involute gears are
used in industrial applications. The gears are made
of high-strength case hardened steels. For applica-
tions with significantly lower torques the use of
plastic gears has been increasing recently.

The design of gears is carried out with regard to the
main fatigue failure modes: tooth root breakage
and pitting (see figure 17.3). Fatigue damage usually
occurs after severalmillion load cycles. The cause of
damage is the formation of cracks in fatigued mate-
rial areas. Standardized calculationmethods for the
design of gears exist, e.g., ISO 6336 [5–7]. The de-
signmethods are based on the comparison of occur-
ring stresses, e.g., in the area of the 30◦ tangent in
the tooth root or at the flank, with experimentally
determined strength numbers of reference gears.
Various influencing factors are considered, such as
the gear size or the roughness on the load-carrying
capacity. The influence of residual stresses is not yet
included in standardized calculations. However, a
significant influence of the residual stresses on pit-
ting and tooth root breakage is already known. For
examplewith shot peening the compressive residual

Figure 17.3 Pitting damage on a gear flank and
schematic tooth root breakage.
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stresses after the heat treatment can be quadrupled
within a limitedmaterial depth fromapproximately
−300MPa to−1,200MPa. This can result in an
increase of pitting strength and tooth root bend-
ing strength of up to 50% [8] compared to an un-
peened carburized gear.

Until now, there has been little research on shear
cut power-transmitting gears. However, gears
made of lower-strength steels have been investi-
gated. In Niemann [9], the load-carrying capacity
of involute spur gears made of sheet metal discs
was investigated. In this case, however, the individ-
ual plates were first soldered or bonded and then
milled. The residual stresses were not considered
in these investigations.

For wrought normalized low-carbon steels the
ISO 6336-5 [7] specifies stress numbers that allow
the calculation of the gear load-carrying capacity.
Hereby, the increase in load-carrying capacity due
to compressive residual stresses is not yet consid-
ered in the ISO 6336 standards.

17.3 Funding Period I - Choice of
NNSB Process

In the first period the main objective was to manu-
facture representative but simplified parts. Circular
discs and C-profiles are manufactured with differ-
ent NNSB processes and variations of their process
parameters (compare figure 17.2) to investigate the
cutting surface characteristics and residual stresses.
Simulationmethods and testingmethods regarding
the residual stresses are established as well. Further,
the simplified parts are tested regarding bending
fatigue in a pulsating test rig and contact fatigue in
a twin disc test rig.

17.3.1 Experimental Setup and Test
Equipment I

Circular discs and C-profiles (see figure 17.4) made
of S355MC with sheet thickness s = 6mm were
manufactured using the five different NNSB pro-
cesses shown in figure 17.2. Two different config-

Figure 17.4 Overview of investigated specimen
geometries.

urations of punch cutting edge radius rS and die
cutting edge radius rM were used. Furthermore, for
the NNSB processes of fineblanking and blanking
with small die clearance, the relative die clearances
0.5%, 1% and 3%were investigated. The process
parameters used are shown in table 17.1.

The more complex geometry of an equidistant of a
shortened epicycloid with convex and concave cut-
ting line (see cyclo disc in figure 17.4) was manufac-
tured to further investigate the effects of geometry
on the distribution of residual stresses along the
cutting line. To determine the influenced depth for
the different NNSB processes, the residual stress
depth profiles were measured with x-ray diffrac-
tion. In addition, residual stress measurements
along the cutting surface height were performed.
To ensure a uniform initial residual stress state all
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Table 17.1 Cutting parameter configurations 1
and 2 for the circular disc and C-profile.

Process parameter 1 2

urel 0.5%, 1%, 3%

rM 200 μm < 20 μm

rS < 20 μm 200 μm

FBH 200 kN

FV R 450 kN

FCP 200 kN

vB 50mm/s

semi-finished products were stress-relieved before
theblanking tests. Carewas taken to ensure that the
temperatures specified in [10] were not exceeded.
To rule out recrystallization or other microstruc-
tural changes microstructural examinations were
carried out.

Different variants of C-profiles were tested regard-
ing bending strength in a pulsating test rig using a
specially designed clamp holder (figure 17.5). More
than 70 tests in the range of the limited life and en-
durance strength up to 6million load cycles were
carried out.

The circular discs were tested regarding contact fa-
tigue in a twin-disc test rig that was designed and
build for these investigations. The objective of
these fatigue tests was the estimation of the con-
tact fatigue strength and the evaluation of the in-
fluence of the residual stresses on the contact fa-
tigue as well as the stability of the residual stresses.
The cyclo discs were tested in a cycloidal test rig.
Accompanying the experimental investigations, a
simulation-supported residual stress model was
built for NNSB processes, which provides infor-
mation on the resulting residual stress state. In
addition, load-bearing capacity models were devel-
oped to take the influence of residual stresses into
account.

Figure 17.5 Bending test of the C-profile in a
pulsating test rig and contact fatigue test in a
twin disc test rig.

17.3.2 Results I

Most NNSB processes result in almost similar cut-
ting surface characteristics and hardness distribu-
tions. The results of the cutting surface charac-
teristics of the circular discs manufactured by the
different NNSB processes in configuration 2 rS <
20 μm and rM = 200 μm are shown in figure 17.6.
The differences in the residual stresses of the blanks
on the functional surface are given in figure 17.7. In
this configuration, the residual stresses range from
−549MPa to+269MPa depending on both the
NNSB process and its process parameters. Com-
pared to the other configuration, a sharp cutting
punch in combination with a rounded die cutting
edge results in higher compressive residual stresses
for fineblanked cuttouts.

Fineblanking (configuration 2: rS < 20 μm,
rM = 200 μm and urel = 0.5%) showed tangen-
tial and axial compressive residual stresses of
−549MPa and −262MPa at the circular discs
and−285MPa and−384MPa at the associated
stamping frame and the C-profiles, respectively,
and along the cutting surface height. At depth,
compressive residual stresses of up to 0.2mm
could be induced on the C-profiles. The scatter of
residual stresses is in the range±100MPa.

For the theoretical explanation of the residual stress
states on the blanked functional surfaces at the
circular discs and at the stamping frame, an ex-
planatory model was developed for circular discs

DFG Priority Program 2013



286 | Characterization and Utilization of Process-induced Residual Stresses . . .

Figure 17.6 Cutting surface characteristics of blanks produced by the five near-net-shape blanking
processes in the configuration rS<20 μm, rM=200 μm and different die clearances urel [4].

Fineblanking Blanking 
with v-ring

Precision 
blanking
without 

Blank Holder

Precision
Blanking

Blanking
-600

-400

-200

MPa

200

400

R
es

id
ua

l s
tre

ss

3.0 % 1.0 % 0.5 % 0.5% 0.5% 0.5 % 0.5 % 1.0 % 3.0 %

Circular disc
Tangential
Axial

rS < 20 μm   rM =200 μm

Figure 17.7 Surface residual stresses of blanks produced by the five near-net-shape blanking processes
in the configuration rS<20 μm, rM=200 μm and different die clearances urel = 0.5%, 1%, 3% [4].

which are blanked with a die clearance of urel =
0.5%. The explanatory model is derived from
macroscopic changes in the geometries of the com-
ponents. It is assumed that deviations from the
ideal nominal geometry after springback are caused
by a change in the stress state during the blanking

process. Based on four defined springback modes
(Mode I: global radial springback, Mode II: local
radial springback, Mode III: bending springback
andMode IV: axial springback), the model can be
used to explain the residual stress state remaining
in the component after springback. By linking the
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explanatory model with a FEM process simulation,
it is possible to show the influences of the NNSB
process parameters, cutting edge preparation, blank
holder, v-ring and counter punch, leading to the
following recommendations for the induction of
compressive residual stresses in precision cut com-
ponents.

Cutouts exhibit higher compressive residual
stresses in the axial and tangential directions if the
punch cutting edge is left in an nearly sharp-edged
state and the die cutting edge has a rounding. The
stamping frame is insensitive in this respect, but
a rounded punch cutting edge and a sharp die
cutting edge can further increase the compressive
residual stresses.

With regard to high compressive residual stresses, it
is advisable to use a blank holder, otherwise, tearing
may occur and thus a tensile residual stress condi-
tion may exist in the stamping frame and in the
cutout. The use of a blank holder tends to result in
tangential tensile residual stresses in cutouts as op-
posed to the stamping frame edges. Axial residual
stresses are lowered by the use of a blank holder for
cutouts, but there is no influence observed on the
stamping frame.

In the case of cutouts, the use of v-rings promotes
compressive residual stresses in the tangential direc-
tion. In contrast, the cutting surface on the stamp-
ing frame produced by the NNSB processes tends
to have tangential tensile residual stresses. The axial
residual stresses remain unaffected by the v-rings.

The use of a counter punch in combination with
a v-ring supports compressive residual stresses on
the cutout in the tangential and axial directions. A
counter punch is also recommended for the pro-
duction of holes in strips, as both the axial and tan-
gential residual stresses on the functional surface
on the stamping frame are positively influenced as
a result, so that compressive residual stress states
are promoted.

The selection of a suitable NNSB process with ap-
propriate process parameters offers the possibility
of adjusting the residual stress state as required.
However, the cutouts react much more sensitively

to changed process parameters than the stamping
frame.

In this funding period, the NNSB process of
fineblanking was identified as a suitable process for
further investigations. The reasons for this are the
high process-induced compressive residual stresses
on cutouts achieved and the high-quality cutting
surface characteristics, especially with respect to
the clean cut percentage.

With regard to the fineblanking of the circular discs,
further investigations were carried out concerning
the arrangement of the v-rings. These showed that
a v-ring on the die side is sufficient to generate high
process-induced compressive residual stresses on
the functional surface. An additional v-ring on
the blank holder offers no further advantages as it
does not improve the cutting surface characteris-
tics or the hardening in the vicinity of the cutting
surface.

The bending tests show that parts with higher com-
pressive residual stresses have an increased lifetime
and that the process-induced compressive resid-
ual stresses remain stable within the investigated
load cycle range. The rolling contact fatigue tests
showed no decrease of the compressive residual
stresses as well. For variants with higher compres-
sive residual stresses, a Hertzian pressure of pH =
700N/mm2 was endured without plastic defor-
mation. However, the lifetime in the case of pit-
ting damage strongly depends on the elastohydro-
dynamic lubrication conditions including rough-
ness, which decreased significantly within the first
100,000 load cycles depending on the sliding con-
ditions.

Results of the funding period I are published in [4,
11–14].
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17.4 Funding Period II –
Fineblanking with Targeted
Process-induced Residual
Stresses

In funding period II, a pinion with module
mn = 4.5mm (see figure 17.2) was produced from
the material S355MC using the NNSB process
fineblanking. With variations of the process pa-
rameters smaller radii of the cutting line geometry
and smaller die rolls as well as increased compres-
sive residual stresses that lead to an increased fatigue
strength should be enabled.

Consequently, the goal of funding period IIwas the
quantification of the improvement of the shear cut
characteristics and tooth root bending strength by
process-induced residual stresses and a comparison
with the state of the art as well as the validation of
the simulation models.

17.4.1 Experimental Setup and Test
Equipment II

Suitable fineblanking active elementswere designed
for creating the pinion geometry. The v-ring cross-
section geometry was designed according to [15]
and is not arranged equidistant to the cutting line,
but follows a circle which is 6mm larger in diame-
ter than the tip circle. According to [16], the v-ring
force and the counter punch force were set to FV R

=611 kN andFCP =291 kN. The relative die clear-
ance was set constant to urel = 0.5% of the sheet
thickness s= 6mm and the cutting speedwas set to
vB = 50mm/s. The cutting edge of the die was di-
vided into eight segments. Two opposite segments
have an equal die cutting edge radius of the four
radii rM = 50 μm, 100 μm, 150 μm and 200 μm
investigated. The cutting edge of the punch was
rounded with rS = 50 μm at the exposed geome-
try elements (tooth tips). Otherwise, the punch
cutting edge was left in its nearly sharp-edged state.
The semi-finished products have three holes prior
tofineblankingbymachining and are stress-relieved
as described in funding period I. Two of the holes
are used to position the semi-finished product rel-
ative to the die. The third hole is located in the

F

F
Figure 17.8 Pulsator test of a module 4.5mm
gear.

center of the part after fineblanking and used as a
centering for further examinations.

The tooth root bending strength was determined
in a pulsating test rig (see figure 17.8) by a stan-
dardized test [17] and the rolling contact fatigue
of the cutouts was determined under variation of
sliding and lubrication conditions. Furthermore,
the change of roughness and residual stresses for
different load stages was investigated. This allows
conclusions on the flank load-carrying capacity of
gears manufactured by fineblanking.

The residual stress states of the variants were de-
termined by x-ray diffraction and allow a quan-
tification of the property improvement by resid-
ual stresses on an actual gear. Additionally, distur-
bances caused by the manufacturing process were
taken into account.

17.4.2 Results II

For the fineblanked pinion (mn = 4.5mm), it is
shown in figure 17.10 that the compressive residual
stresses increase in the axial direction with larger
die radius rM . Furthermore, the tooth root bend-
ing strength correlates with the height of the com-
pressive residual stresses and the die edge radius as
shown in figure 17.11. However, the cutting sur-
face characteristics (see the exemplary figure 17.9)
are not significantly influenced by the different die
cutting edge radii. Likewise, no influence was mea-
sured in the hardening of the cutting surface, which

DFG Priority Program 2013



Characterization and Utilization of Process-induced Residual Stresses . . . | 289

Figure 17.9 Characteristics of the cutting
surface at the measuring points tooth tip,
tooth flank and tooth root of the pinion
(mn=4.5mm), fineblanked in the configura-
tion rS<50 μm, rM=200 μm and urel=0.5%.

corresponds to about twice the base hardness of the
material.

A quality class ofQ= 4 to 7 according toDIN ISO
1328 [18] was achieved for the fineblanked pinion
(mn = 4.5mm). In addition, the pinions (mn =
4.5mm) correspond to grade Q = 6 in the case
of the pitch deviation. The fineblanked pinions
are thus in the quality range of the milled and case-
hardened pinions after grinding.

The determined tooth root bending strength for
the four die edge radii variants is within σF lim =
318 to 327N/mm2 and thus significantly higher
than specified in ISO 6336-5 [7] for this material
(compare figure 17.18). Sample tests of variants
manufactured with unfavorable process parame-
ters such as lower counter punch force or without
compressive residual stresses showed lower fatigue
limits and lifetime. The results of the rolling con-
tact fatigue tests show that contact pressures up
to 800MPa were endured within the tested load
cycles (up to 2 million) without plastic deforma-
tion or pitting damage. The roughness decreases

within approximately 70,000 to 100,000 load cy-
cles toRa = 0.2 μm. Higher compressive residual
stresses were found to result in higher rolling con-
tact fatigue strength (pitting strength). However,
the lubrication state and therefore the sliding con-
dition has a major influence on the number of en-
dured load cycles. Higher slippage of 50% leads to
earlier pitting failure than 3% slippage.

Results of the funding period II are published in
[19] and [20].

Figure 17.10 Residual stresses for the different
die cutting edge radii rM [19].

Fineblanked gear
Modul 4.5 mm
Facewidth 6 mm

S-N curve for 50 % 
failure probability

Figure 17.11 S-N-curves for tooth root breakage
of Modul 4.5mm fineblanked pinion variants
with rM=50 μm to 200 μm.
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17.5 Funding Period III —
Application Oriented
Pinion/Wheel Pair

The use of base materials with higher strength in
combination with process-induced compressive
residual stresses has considerable potential in terms
of the targeted increase of the load-carrying capac-
ity with regard to the fatigue failure modes pitting
and tooth root breakage. This offers the poten-
tial to replace cost- and time-intensive heat treat-
ment in the manufacturing of power-transmitting
gears by increasing the fatigue strength by locally
adapted residual stresses. In funding period III
this potential is investigated on a fineblanked pin-
ion/wheel pair made from the previously used ref-
erence material and a higher-strength steel. Fun-
damental relationships were systematically inves-
tigated with the models set up and validated by
determining the tooth root bending strength in
pulsator tests and the flank load-carrying capacity
in gear running tests. The residual stress states of
the different gear variants were measured both be-
fore and after the fatigue tests. This allows tracking
of process improvements but also ensures the pre-
dictability of the property improvements and the
stability of the residual stresses. Thus, these mea-
surements were used to extend the existing residual
stress simulation model. By using a higher strength
steel material, it was shown that further improve-
ments can be achieved in terms of tooth root bend-
ing strength and pitting strength through process-
induced residual stresses. Both experimental and
numerical investigations were carried out for this
purpose. In addition, the prediction of the respec-
tive load-carrying capacity for the reference mate-
rial and the higher strength material was evaluated
and improved. By integrating the results into the
bidirectional model from funding period II, it was
possible to design and manufacture shear blanked
gears of different materials and geometries with in-
creased load-carrying capacity by utilizing the pos-
itive effect of shear cutting process-induced resid-
ual stresses. The focus of the project is the design,
layout and optimization of the NNSB processes
with regard to an improved residual stress state for
higher tooth bending strength and pitting strength,

ensuring the predictability of the property improve-
ments caused by residual stresses, and demonstrat-
ing residual stress stability in gear running tests un-
der real operating conditions.

17.5.1 Experimental Setup and Test
Equipment III

Pinion

Wheel

Transmission gear set

Figure 17.12 Fineblanked gears in a back-to-
back test rig.

Twonew sets of active elementsweremanufactured
for the production of the pinion/wheel pair. The
basis for this was a selected pinion/wheel geome-
try with 23 and 25 teeth with a normal module of
mn = 3mm, which according to [21] corresponds
to a degree of difficulty of S2 for fineblanking.
The tip diameters of this pinion/wheel pair were
78.3mm and 84.5mm. The geometries of the v-
ring were adapted from the pinion (mn = 4.5mm)
of funding period II to the increased tip circle di-
ameters. The v-ring on blank holder of the pinion
was omitted on the basis of the investigations in
funding period I. The v-ring geometry was adapted
to the increased tip circle diameters. On the ac-
tive elements for the wheel, a v-ring was included
on the blank holder as well as the die. The punch
cutting edges were left in an nearly sharp-edged
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condition and rounded only at the tooth tips with
rS < 50 μm. For the die cutting edges, fillets of rM
= 350 μmwere applied mechanically by brushing.
Since pinions and wheels were to be fineblanked
from the materials S355MC and S500MC, the cut-
ting tool material S11-2-5-8 (PM) was selected for
the punches and dies. For the other active elements,
the cold-work tool steel X155CrVMo12-1 was used.
The adjustable process forces were set as shown in
table 17.2.

Table 17.2 Process parameters for fineblanking
of pinion and wheel

Process parameter S355MC 500MC

Pinion

urel 0.5% 0.5%

rM < 50 μm < 50 μm

rS 350 μm 350 μm

FV R 583 kN 742 kN

FCP 283 kN 283 kN

vB 50mm/s 50mm/s

Wheel

urel 0.5% 0.5%

rM < 50 μm < 50 μm

rS 350 μm 350 μm

FV R 625 kN 796 kN

FCP 331 kN 331 kN

vB 50mm/s 50mm/s

As in funding period II, the semi-finished products
were stress-relief annealed and unit-bored follow-
ing DIN EN ISO 286-1 [22] prior to fineblanking.
In addition to themanufactured samples consisting
of pinions and wheels, a stress-relief annealed vari-
ant of the fineblanked pinions made of S500MC
(named: S500MCGG) was investigated.

In addition to further tooth root bending testswith
the pinions in a pulsating test rig, the flank load-
carrying capacity was investigated in gear running
tests. The pinions and wheels were investigated re-
garding cutting surface characteristics, hardness,

residual stresses, flank roughness and gear qual-
ity.

The standardized flank load-carrying (pitting) tests
[17] up to 50million load cycles were performed
in a back-to-back test rig with a center distance of
75.6mm as shown in figure 17.12. The tests were
performed at a rotational speed of 3,000/minwith
dip lubrication at 60 ◦C oil temperature. Every 3
million load cycles the gears were visually inspected
for the evaluation of flank damages. For all tests a
running in procedure for 70000 load cycles is per-
formed at 90 ◦C oil temperature with a rotational
speed of 1,500/min.

17.5.2 Results III

The resulting cutting surface characteristics for the
pinionmade of thematerials S355MCand S500MC
are shown infigure 17.13 and are very similar to those
of the wheels. The cutting surface characteristics at
the three measuring points (tooth tip, tooth flank
and tooth root) show a dependence on the cutting
line geometry. The comparatively high die roll at
the exposed points of the cutting line, the tooth
tips, reduces the clean cut percentage. However,
this is insignificant because the tooth tips are not
in the gear contact. At the tooth flank measuring
point, significantly lower die rolls were achieved
and consequently higher clean cut percentages and
contact ratios. Directly in the tooth root rounding
very high clean cut percentages of over 99% of the
sheet thickness were achieved. No cracks or frac-
tures were detected at the three different measuring
points. However, crackswere present on thewheels
at the tip edges of the cutting line close to the die
roll. In addition, small isolated fracture areas were
detected on the tooth flank near the tooth root area.
The largest fracture height, which was found for
all the wheels and pinions of both materials exam-
ined, was 530 μm. The clean cut angles, especially
at the tooth flank measuring point, were very close
to the ideal value of 90◦. The high burr heights at
the tooth tip were striking compared to the other
measuring points. One reason for this could be the
cutting edge radius of rS < 50 μm in the area of the
tooth tips at the cutting punch.
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Figure 17.13 Characteristics of the cutting sur-
face at the measuring points tooth tip, tooth
flank and tooth root of the pinion (mn = 3mm)
made of S355MC and S500MC, fineblanked in
the configuration rS<50 μm, rM=350 μm and
urel=0.5% [23].

The radius represents a volume filled when the
punches enters and moves material for burr for-
mation toward the end of the process [3]. The cen-
ter hole is enlarged by fineblanking producing the
keyway for torque transmission. Various methods
were investigated for boring, while using a boring
head showing the highest accuracy with regard to
centering the hole.

For the pitch variations or the adjacent pitch er-
ror a quality of Q= 5 according to DIN ISO 1328

[18] were achieved. The flank trace and profile
trace related qualities were usually in the range of
Q= 5 to 10. In summary, the quality grade of the
fineblanked gears was in the range of milled and
case-hardened gears after grinding of the gear.

The flank roughness of the variants before the tests
is shown in figure 17.15.

A common roughness distribution of the right
and left sides can be seen with values withinRa=
0.6 μm to 1.6 μm. Noticeable here is the larger
roughness of the wheels but especially the larger
roughness for the variants made of S500MC. After
the running in procedure the flank roughness usu-
ally decreases toRa= 0.1 μm. The first pretests of
a fineblanked gearing in a running test rig showed
that the heat development is significantly higher
than with the usually used ground gears that have
significantly lower surface roughness. A cooling
system was installed to maintain a 60 ◦C oil tem-
perature. Another noticeable characteristic of the
fineblanked gears is the significantly lower noise
emission of the spur gears. In addition, the first
pretests showed that the method for manufactur-
ing of the center hole after the fineblanking of the
gears is crucial. First test runs showed plastic defor-
mations at the flanks and considerably higher wear
that is caused by an imprecise positioning of the
borehole. For further tests only gears with lower
runout deviation were used and in addition oil
with higher wear resistance with a viscosity index
of VI 320was used for lubrication.

The first test results are shown in figure 17.16. For
the gears made of S355MC the failure criterion
was reached at 27 million load cycles at a nomi-
nal contact stress of σH0 = 500N/mm2. For the
gears made of S500MC the failure criterion was
not met for the first two test runs with up to σH0

= 550N/mm2 although these have a significantly
higher flank roughness. However, pitting strength
is expected to be in this area but further tests are be-
ing currently carried out for amore accurate evalua-
tion and the determination of the strength number
σHlim for the two material variants.

In figure 17.17 the S-N curves for 50% failure
probability regarding tooth root breakage of the
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Figure 17.14 Results of surface residual stress measurements at the right and left tooth flank [23].

S355MC

S500MC

Figure 17.15 Flank roughness of the pinions and
wheels.

fineblanked module 3mm pinions are shown.
A noticeable characteristic here is a material-
dependent slope of the S-N curve in the area of the
limited lifetime with comparable static strength. It
can also be seen that compressive residual stresses
shift the failures toward a higher number of load
cycles.

The gears of the stress-relieved variant S500MCGG
show the lowest endurance strength with a nomi-
nal tooth root stress ofσF0 = 792N/mm2whereas
the variant of S500MCwith process-induced resid-

Pitting damage
Load cycle limit reached

Fineblanked gears
Modul 3 mm
Facewidth 6 mm

S500MC
failure
criterion
not 
reached

S355MC
failure
criterion
reached

Dip lubrication at 60°C (VI 320)

Pinion Wheel

Figure 17.16 Results of first flank load-carrying
tests with exemplary photos of the pinion and
wheel flanks after the test.

ual stresses results in σF0 = 1,030N/mm2 despite
lower residual stresses (compare figure 17.14) than
the S355MC pinions with an endurance strength
of σF0 = 877N/mm2. In figure 17.18 all tested
fineblanked gear variants of the three funding peri-
ods are entered in the tooth root bending strength
diagram of ISO 6336-5 [7]. Due to the increased
hardness and higher compressive residual stresses
in the tooth root, the tooth root bending strength
of these fineblanked gears is multiple times higher
than specified in ISO 6336-5 for this material.
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S-N curve for 50 % failure probability
Tooth root breakage
Load cycle limit reached

Fineblanked pinions
Modul 3 mm
Facewidth 6 mm

Figure 17.17 S-N-curves for tooth root break-
age of module 3mm fineblanked gear variants
(materials: S355MC and S500MC; GG = stress-
relieved).

The test results with the stress-relieved variant
S500MCGG also show the influence of the com-
pressive residual stresses on the tooth root bending
strength.

When thehardness doubles, the tooth root bending
strength also approximately doubles, provided that
compressive residual stresses with a correspond-
ingly higher influence on the tooth root bending
strength are present. Without residual stresses
present, the strength increases by a factor of ap-
proximately 1.7when the hardness is doubled.

17.6 Conclusion and Outlook

In this research project, which consists of three
funding periods, it was possible to fineblank power-
transmitting gears with high process-induced com-
pressive residual stresses. The main results are:

� With NNSB processes cutting surfaces usable
as functional surfaces can bemanufactured cost
and energy efficient.

� All NNSB processes lead to an increased hard-
ness at the cutting surface with comparable
hardness value and depth profile.

� Depending on the NNSB process and NNSB
parameter selection, different residual stress
states on the cutting surface are possible. High
compressive residual stresses can be achieved by
a suitable selection.

� The residual stresses for fineblanking are compa-
rable on the entire cutting surface independent
of the cutting line and are stable within the in-
vestigations performed.

� For fineblanking a larger die edge radius leads
to higher compressive residual stresses at the
cutting surface and higher fatigue strength.

� For higher strength steels higher compres-
sive residual stresses up to −700MPa and
higher tooth root bending strength numbers
are achieved with up to σF lim = 418N/mm2.

� The tooth root bending strength numbers for
the investigated fineblanked gears are compara-
ble to case carburized gears and are significantly
higher than for plastic gears, which are at the
same manufacturing cost level.

� In gear running tests the fineblanked gearing
shows significantly lower noise emissions com-
pared to case carburized ground spur gears.

� The flank roughness of the fineblanked gears is
comparably high and does lead to increased heat
and probably lower pitting strength compared
to conventionally manufactured gears.

In this research project, the determination of the
pitting strength and the investigation of the influ-
ence of the residual stresses on the pitting strength
is currently ongoing.

In a follow-up research project, the fineblank-
ing process is to be made capable of providing
fineblanked gears for use in the industrial environ-
ment. To this end, knowledge will be transferred
to industrial applications on the basis of the find-
ings obtained in collaboration with industrial part-
ners from the fields of fineblanking technology and
drive technology. The focus here is on the require-
ments of the application, such as the low noise and
vibration excitation of long-life gears as well as pro-
cess reliability combined with very economical pro-
duction. In the future, these challenges will have to
be met by analyzing product and process variables
and the resulting control variables. Special atten-
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Figure 17.18 Tooth root bending strength of the fineblanked gears compared to the specifications in
ISO 6336-5.

tion must also be paid to the advancing develop-
ment of materials in order to seize further opportu-
nities for increasing the performance of fineblanked
components. It is also important to take advan-
tage of new opportunities that will arise in the fu-
ture in the area of process simulation with regard
to virtual testing and component property predic-
tion. Compared with conventional gear manufac-
turing, fineblanking of power-transmitting gears
offers enormous potential in terms of reduced pro-
duction times, cost and energy savings, and a reduc-
tion in CO2 emissions.

Abbreviations

DIN German institute for standardization
e.g. exempli gratia
EN European standard
FEM Finite elements method
GG stress relieved variant
ISO International Organization for Standard-

ization
NNSB Near-net-shape blanking
PM Powder metallurgy produced
Q quality class according to DIN ISO 1328
VI Viscosity Index

FB Blanking force
FBH Blank holder force
FCP Counter punch force
FV R V-ring force
mn normal module
rM Die cutting edge radius
rS Punch cutting edge radius
pH Contact pressure according to Hertz
Ra Roughness (arithmetical mean height)
s Sheet thickness
urel Relative die clearance
vB Cutting speed

σF lim nominal stress number (bending)
σF0 nominal tooth root stress
σHlim allowable stress number (contact)
σH0 nominal contact stress
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18 Summary and Outlook

Nürnberger, A.; Gilch, I.; Prauser, S.; Volk, W.

The research within the DFG Priority Program
2013 focused on the utilization of residual stresses
in forming processes. Conventionally, residual
stresses are avoided in the production of metallic
components. Residual stresses are problematic in
manufacturing metallic components because – if
not explicitly adjusted – they can reduce compo-
nent service life. However, targeted use of residual
stresses can enhance the lifetime of components,
reduce warpage or allow new component design.

18.1 Summary

The Priority Program 2013 was organized in three
phases, which ensured a structured approach (see
figure 18.1). In Phase 1Validation, the general re-
search idea of the respective projects was validated.
The aim was to induce residual stresses in the com-
ponents in a reproducible and controllablemanner.
Measurement methods for analyzing the residual
stresses were tested for the applied material and
components. Initial simulations for determining
the residual stress distributions were set up.

The subsequent Phase 2Quantification evaluated
the process and material disturbance variables to
adjust the residual stresses. In addition, process and
component improvements were validated and the
approaches for measuring and numerically deter-
mining residual stresses were further improved.

Finally, in Phase 3Optimization took place. The
improved properties were quantified, and their sta-
bility was considered under service boundary con-
ditions. The process for the targeted induction of
residual stresses was designed, structured, and opti-
mized.

In the following, the processes considered are
briefly presented, and the component properties

Phase 1: 
Validation

Phase 2: 
Quantification

Phase 3: 
Optimization

Measurement

Simulation

Reproducibile

Control

Disturbance
variables

Material 
fluctuation

Measurement

Simulation
Property 

improvement

Design, layout 
and optimization 

of processes

Stability

Application
conditions

Figure 18.1 Phases of DFG Priority Program
2013.

improved by residual stresses are listed. Visually,
this is summarized together with the fabricated
components in figure 18.2.

Incremental sheet forming was used to induce
compressive residual stresses in the surface layer
of disc springs so that service life was significantly
increased. This sheet metal forming process was
also used to adjust the residual stress state in ex-
emplary specimen geometries so that the design
strength and the vibration crack corrosion were
improved.

Embossing can induce residual stresses in metal-
lic components close to the surface. For exam-
ple, fatigue strength can be increased, and new
lightweight design potentials are created. If resid-
ual stresses are induced by embossing in electrical
steel, which forms the magnetic core of electrical
machines, the magnetic properties of the sheet ma-
terial are locally degraded. This makes it possible to
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Figure 18.2 Influenced component properties by manufacturing processes.

achieve targeted magnetic flux control and increase
the maximum speed and, thus, the energy density
of electric drives.

The bistability of sheet metal is achieved by tar-
geted rolling and incremental bending. Thus,
the volume is greatly reduced when transporting
thin-walled tubes.

High tensile residual stresses typically occur on the
component surface duringwire drawing. These
are reduced by targeted process control, thus cost-
intensive post-processing, such as heat treatment
and shot peening, can be avoided.

During cross-rolling, the residual stresses of shaft
components can also be adjusted. This increases
fatigue strength, and at the same time, the connec-
tion properties of the shaft and hub is improved.

During extrusion and rotary swaging, residual
stresses are specifically adjusted close to the surface.
This reduces the need for downstream processes
such as heat treatment, shot peening, and deep
rolling, increasing flexural fatigue strength and cor-
rosion resistance and reducing component distor-
tion.

High compressive stresses were induced in the func-
tional surface of fineblanked gears through adapted
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near-net-shape blanking parameters. This opti-
mized the fatigue strength and the process. In addi-
tion, less expensive materials can be used and heat
treatment is no longer necessary.

In bulk forming, residual stresses can be con-
trolled locally by a targeted cooling process, signifi-
cantly reducing the probability of cracking under
an oscillating load.

In summary, 12 research projects investigated ten
different forming processes to improve industrially-
relevant components by forming-induced residual
stresses.

Four expert groups supported the collaboration
on cross-cutting issues. The different production
processes were grouped inThin-Walled Product
Forming and Bulk Forming. The expert group
Simulation and Modeling compared the differ-
ent methods to improve the numerical skills. The
fourth expert groupResidual Stress Analysis fo-
cussed on the comparison and improvement of the
mesurement methods used. (Chapter 2–5.)

18.2 Outlook

The results obtained in the Priority Program 2013
open up new ways of improving components pro-
duced by forming technology to a far-reaching ex-
tent. The warpage and manufacturing accuracy
of components produced are often accompanied
by process-induced residual stresses. The in-depth
knowledge gained in the Priority Programmakes it
possible to produce components with even tighter
tolerances or to further minimize the distortion
caused by the manufacturing process. Targeted
residual stress profiles, which were the subject of
intensive research in the Priority Program, bring
about significant increases in static component
strength and dynamic load capacity in particular.
From small structural elements such as screws or
springs to bearing rings and gears to highly loaded
shafts, the targeted adjustment of component prop-
erties has enormous potential with respect to com-
ponent service life and the load spectrum. Further-
more, component safety can also be increased for

failure-critical components using suitable residual
stress profiles. Applying the results to components
also breaks new ground regarding weight and ma-
terial savings. In addition, there is also the opportu-
nity to exploit deliberately induced load-compliant
residual stresses to produce components at lower
cost. Moreover, forming-induced residual stresses
open up new possibilities regarding design free-
dom, especially for sheet metal components. In
addition, the knowledge gained can influence press-
fits to produce hybrid components from different
materials, which would otherwise be difficult or
impossible to achieve. There is also the option of
completely rethinking components and the ben-
efits, for example, from the influence of residual
stresses in electrical steel.

Increasingly powerful numerical methods will play
an important role in the future for the residual
stress design of components produced by forming
technology to obtain a reliable property prediction
efficiently even before the first prototypes are pro-
duced. Developing materials that support and im-
prove the induction of residual stresses conducive
to component properties would further exploit
the unused potential of components produced by
forming technology.

Better understood forming-induced residual
stresses also promise numerous improvements and
savings in manufacturing processes. It may be
sufficient to slightly adapt or extend individual
processes or process parameters to take advantage
of an adapted residual stress design. However, it is
also conceivable that individual process steps along
a process chain can be eliminated, for example
complex downstream processes for residual stress
reduction or residual stress induction. Further-
more, it is also possible to completely substitute
previous manufacturing processes or achieve
savings by combining several manufacturing steps
into one. The improvement with minimal effort
or the achievement of leaner production processes
through controlled management of residual
stresses in the component and the associated
production processes holds enormous savings
potential in production times, material usage, and
cost minimization. By reducing energy-intensive
component treatments, resources can be conserved
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to a considerable extent, and consequently CO2

emissions can be reduced.

A better understanding of the active use of process-
induced residual stresses, as developed in the Prior-
ity Program, also helps to make the products and
processesmore sustainable and is an important step
toward green forming technology.

A transfer to industrial production is required to
take advantage of the opportunities and potentials
(see figure 18.3). The challenges here are transfer-
ring the findings to other materials and workpiece
types against the background of series production,
in some cases with large quantities. Furthermore,
it is essential to apply the knowledge acquired in
the Priority Program in a targeted manner and link
it with expertise from industrial practice to ensure
high reproducibility. Attention must also be paid
to process integration and the interaction of the
novel processes with those already in place. For
quality control of component and process moni-
toring, the extensive investigations and newly devel-
oped methods from the Priority Program can also
be consulted, adapted, and further developed for in-
dividual requirements. The transfer of knowledge
to industry and the development of practicable so-
lutions based on the results of the Priority Program
will also be accompanied and driven forward by
subprojects from the Priority Program in the form
of DFG knowledge transfer projects.

Ideas

Benefits in terms of costs, 
time and environmental protection

Results and potentials

Requirements of modern forming technology

DFG-Priority Program

Knowledge transfer projects

Figure 18.3 Previous and planned path of
research.
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Residual stresses are considered critical to quality in conventional manufacturing strategies. This is where the 
DFG‘s Priority Programme 2013 comes in, looking instead at the opportunities and possibilities for improving 
the properties of components by targeted use of residual stresses. In the years 2017 to 2023, research teams 
from all over Germany were able to prove the stability, controllability and usefulness of residual stresses in  
flat and solid forming manufacturing processes of metallic components. In addition, the cross-project working 
groups achieved many insights into the fundamental understanding, simulation and, in particular, industry-
oriented measurement of residual stresses. 

The extensive results of these six years of research activities are presented in this final report.
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