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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 German Research 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 external mechanical 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 sheet metal and
bulk forming processes, the deliberate induction of
compressive residual stresses by the actual forming
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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 difterent 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 the DFG.
Many thanks go here to the whole DFG and its re-
sponsible staft. I also extend special thanks to my
colleagues Peter Groche, Jens Gibmeier, Markus
Kistner, A. Erman Tekkaya, Jérg Schréder 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. ]

141 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 of understanding
and managing the residual stresses of manufactured
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 by 0. [3]

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

dive + £, = pi. (Equation 1.1)

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

divo, = 0. (Equation 1.2)

Here, volumetric forces f,, of arbitrary nature, as
well as the acceleration &, 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 stresses within a manufactured component
[s, 6]. In a more 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.
During manufacture, 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 |

<
<

A 4

Manufacture pro-
cessing steps(s)

A 4
| Intermediate residual stresses |

v

Postprocessing

A4

| Final residual stresses |

Figure 1.1 Evolution of residual stresses during
manufacture.

\ J

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 creation of residual stresses during man-
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 stresses must 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 [s]. 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,

DFG Priority Program 2013

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
tatigue life, whereas tensile residual stresses reduce
tatigue 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 r.1demonstrated,
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 between white and black models, which
either are based on mathematical and physical prin-
ciples or have phenomenological approaches, re-



Residual Stresses in Modern Production Engineering | 15

No Yes

CAD data of
component

Process design

Requirements
fulfilled?

Adjust

Adjust mechanical design acc.
to chosen manufacturing method

>

FEM: Residual stress analysis

Adjustment of re-
sidual stress model v

7Y

Residual stress measurement

No

Results coherent?

Figure 1.2 Consideration of residual stresses within an integrated design approach. After [s].
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Figure 1.2 shows an integrated design approach
where residual stresses are utilized as a design cri-
terion. Here, a suitable manufacturing method is
chosen within 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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Residual stress o,es,y

AN

Figure 1.3 Classification of residual stresses regarding their homogeneity over a specific length scale.

J

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 by o' 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,
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always lead to macroscopic dimensional changes.

3]

Type II residual stresses (077) 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 I1I residual stresses (o//7) 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.

Typel Type II

Type 11

Homogenous macroscopic
residual stresses over millime-

ters (partial) grain

Homogenous mesoscopic
residual stresses over one

R AR BB

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 r.1 sum-
marizes the aforementioned taxonomy of residual
stresses. [3]

At the moment, type I residual stresses are of
main interest within 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 continuum me-
chanics approach. In contrast, meso- and micro-
scopic residual stresses are more significant for ex-
plaining certain phenomena from materials 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.

151 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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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
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Figure 1.5 Type I residual stress: Formation by
plastic deformation due to temperature gradi-
ent. [8]

\ J

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 difference A4,
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 Il Residual Stress

Residual stresses of type IT 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
Ryo.2,min and Rpo 2, maz, which leads to an average
yield strength R 2 of the entire crystal structure.
When aload is applied, the grains with lower yield
strength start to yield first. Only when the load is in-
creased do the grains with higher 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]

A
4

RpO.Q,mam__
Rpo.2 -+

RpO‘Z,min__

max
res

0 V

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 lll Residual Stress

Residual stresses of type III are microscopic 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]

G N W

N

N N

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 suitable material 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 1.8 Measuring principle of residual stresses by material removal or separation.

characteristics and the measurable residual stress
types are detailed within 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 presented methods within
this chapter.

1.6 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
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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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a)

b)

c) Residual stress
- { +

Figure 1.9 Contour method. a) Original

stresses b) Global deformation after material sep-

aration c¢) Calculated stresses to restore flat sur-
face [14].

@ Tension

@ Compression

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 1 mm. The hole drilling method is stan-
dardized by ASTM International [16]. [14]

1.6.2 Nondestructive Measurement
Methods

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

kXp = 2dsin 6. (Equation 1.3)

N

a) Strain gauge Hole location

b)

_/m

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

Here, £ is an integer, Ay is the X-ray wavelength, d
corresponds to the interatomic lattice spacing and

¢ is the Bragg angle. [14]

The measurement principle is shown in figure r.11.
Here, the angle 0 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-

DFG Priority Program 2013



22 | Residual Stresses in Modern Production Engineering

Table 1.2 Excerpt of measurement methods for residual stresses based on strains. [10]
Method Character Residual stress type Measured quantities
Contour method Destructive Typel Macroscopic surface
strains
Hole drilling method ~ Semi-destructive Type I Macroscopic surface
strains
X-ray diftraction Nondestructive Type II & III Microscopic lattice
strains
romagn.etlc comp.onent is subjected t'o a changing Variation of _
magnetic field which causes the material to be mag-
netized. Thus, the magnetic domains within the -
material align with the applied magnetic field. As ~ r
the magnetic field changes, the component’s mag- 4 dO
netic domains snap into new positions, producing e\ M
O / N _/ O

aseries of small, discrete jumps within 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 a material,
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]
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Figure r.1x Bragg’s law. [14]
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2 Thin-walled Product Forming
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24 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 forming processes, with axisymmetric
product geometries, for instance bulk forming pro-
cesses such as cold extrusion, there are suitable nu-
merical models for an accurate residual stress predic-
tion [1]. Sheet metal forming processes with com-
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Figure 2.1 “Thin-walled Product Forming”
processes.
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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]



2.3 Young's Modulus

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

=2

(Equation 2.1)
€

The Young’s modulus of a material is, according to
the laws of physics, unique for a given material 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’s modu-
lus at unloading, referred to as the Chord modulus,
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.

N
i Initial Young®s
£/ modulus F,
/
1
o / y
2 y/
o Chord modulus /
% ’,[
Yy A
l’ i
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Ao SIE
'I 1
Ae !
N
- rd
g Strain ¢
elastic
ESpringback
Figure 2.2 Stress-strain curve indicating elastic
springback behavior, after [4].

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

B Orientation of the grains relative to the direc-
tion of stress
B Grain size
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B Residual stress
M Preload history and

B Dimensions.

The eftect of preload on Young’s modulus was de-
scribed in [5]. The Ey—strain path of pre-strained
mild steel material (SPCC) under axial load is
highly nonlinear (figure 2.3). Average apparent
Young’s moduli £, 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 modulus ), can be calculated

by:
Eay = (Eo— Ba)1 — cap|—~€ct] (Equation 2.2)

where Iy and F, stand for the Young’s modulus of
annealed and infinitely large pre-strained materials,
respectively, { is a material constant.

[
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2 220 e 0.750,< 7 <0.954,
m - = 0.50,< ¢ <0.95¢,
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% 1801+ ¥ — 0< ¢ <0.95¢,
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P
g, 1201
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C ot
< 0 0.050.10.150.20.250.3 0.35
Plastic prestrain g,
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
several methods described in literature to determine
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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 1x
[s]- 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 Isotropic hardening

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

o =o0¢(E,...) (Equation 2.3)
The current flow stress o ¢, 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 € (fig-
ure 2.4a). Hardening evolves equally in all direc-
tions.
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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=0(c—a), (Eguation 2.4)
where the back stress tensors o and o 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=0(c—a)—os(E,..) <0 (Equation 2.5)

's D'

a)

O,

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




This type of hardening is most frequently referred
to as mixed or combined hardening. The exact hard-
ening behavior is defined by the evolution equa-
tions of the back stress tensor ax (kinematic harden-
ing part) and the current flow stress o ¢ (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 sg = 1.5 mm. 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
ofo = 495 MPa and the ultimate tensile strength
oyrs = 582 MPa (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 Fype = 232 GPa, and the
lowest Young’s modulus is measured 45° to the
rolling direction, Ey50 = 207 GPa. This can be
assumed as an initial average Young’s modulus of

Ey = 219 MPa.

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

Thin-walled Product Forming | 27

700
600
400
300
200
1004

Engineering stress oin MPa

(e
A\ 4

0 005 01 015
Engineering strain &

Figure 2.5 Uniaxial tensile test evaluation of
HC460LA.
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Figure 2.6 Young’s modulus evaluation of
HC460LA.

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

B Uniaxial tensile test with strain gauge measure-
ment.

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

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’s modulus
with increasing pre-strain.

o
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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 a micro

level.
§ 800N A2 %
10 &
2 600 ﬁ Q\V\ 08
% 500(s \ 8 g
2 400 | / 6 &
300 A g
3 200 Z
50 100 2 g
=0 | | | 0 &
0 0.05 0.1 0.15 0.2
Engineering strain &
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
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during the tensile test. The specimen’s temperature
change during uniaxial tensile tests is measured by a
clip-on temperature couple during the experiment.
Two different setups were used for stress-strain mea-
surement:

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

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

7004
600
500
400
300
200
100
0 | I | —
0 005 015 015 0.2

Engineering strain &

il

Engineering stress ¢in MPa

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

J

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 s, =
1.5 mm 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 modulus G and
Youngs’ modulus £, taking Poisson’s ratio v into
account:

E

“=yaiy

(Equation 2.6)
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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 £y = 192 GPa for the
temperature-based onset of necking method to
Ey = 233 GPa for the in-plane torsion test re-
sults. The average initial Young’s modulus for all
analyzed methods is £y = 214 GPa. As described
in [10], Young’s modulus is decreased drastically
within the first few cycles up to a strain value of
£ = 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 modulus £y for the
final cycle is 31 % reduced compared to the initial
Young’s modulus.

& &
= O 250
= RS
b 1200
2 i
& - 5 150+
o - g 1004 * Tensile test (strain gauge)
=h 2 - Tensile test (thermal, class A)
S £ 504 - Tensile test (thermal, class B)
"go_ o~ <+ In-plane torsion test (optical)
LS -80 0 I I I —>
| | | S 0 0.1 02 03 04
0 0'1 0'2 OI 3 - Engineering strain €

Engineering strain & Figure 2.11 Evolution of Young’s modulus with
Figure 2.10 Cyclic in-plane torsion test of | | increasing pre-strain for HC460LA.
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 testing method,
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

The benchmark material 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
so = 1.5 mm. 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 of 218 GPa. The estimated
value of 80 % of Eyis Fy g = 174 GPa and 90 %
Ey, which is equal to Ey9 = 196 GPa. 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
process model 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 HC460LA mate-
rial description in Abaqus are the following. The
density is estimated to ¢ = 7.85¢~? t/mm? and
the initial yield strength is 0 ¢ = 495 MPa. The
initial Young’s modulus is £y = 218 GPa. The
combined isotropic-kinematic hardening model,
by Lemaitre and Chaboche [10] is used. The mate-
rial parameters are determined inversely using cyclic
loading to Qo = 98 MPaand b = 10.11. Where
() is the yield surface change in dependency of
the material parameter b:

o =00+ Quo(l— e (Equation 2.7)

2.64 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 = 65 mmandaheight h = 15 mm isformedin
quadratic sheets with an edge length / = 130 mm
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 o and in radial direction, o, (figure 2.12).
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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.

80,480 Elements
99,144 Nodes

O ® @)
Selected point
N7z W)
N
y
O 0) x'_é
Bottom

i - -
Cone wa %001 i de\Non tool side h

tt ——D—
Cut A-A Flange

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 and material models used (figure 2.12).
First, the results with combined isotropic kine-
matic hardening are evaluated. For the initial
Young’s modulus £ = 218 GPa, there are com-
pressive residual stresses of 0, = 279 MPa in the
circumferential direction and o, = 343 MPa 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 Fy g = 174 GPa
with a 20 % reduced Young’s modulus, the residual
stresses are evaluated in the same geometric point
as 0y = 217MPa in the circumferential direc-
tion and 0, = 301 MPa in the radial direction.
Regarding the change in residual stresses depend-



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.

Assumed Young‘s modulus E in GPa
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§-100—
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5-4001 A,
25001 ©
-e ¢, - isotropic hardening

-e- ¢, - isotropic/kinematic
-0 g, - isotropic hardening
—o- g, - isotropic/kinematic

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 modulus £y = 218 GPa are compressive,
o, = 482 MPa in the circumferential direction
and 0, = 429 MPa 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
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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 % E; 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 HC460LA material 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).

Profile after
springback

Profile after

forming

Figure 2.16 Change in bending angle v after
springback.
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Figure 2.17 Bending radius depending on
Young’s modulus and material hardening
model.

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

Young‘s modulus E
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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’s modulus change of
10 % to 20 % of Ey = 218 GPa, 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 on Young’s modulus 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.
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% — 200 GPa
5 220 GPa
;
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: oy VA
.
3
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6 8 10 12 14 16 18~
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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
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variation of the elastic moduli. The influence of
the change in material properties, in terms of strain
hardening, on the residual stresses introduced by
the embossing can be seen here, particularly in the

middle.
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Figure 2.20 Maximum residual stresses of the
simulations along the bending area upside of
the part depending on the material hardening
model (tool side).
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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 2.22 Numerical 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-
sided pyramidal geometry with a tip angle of 136.5°
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
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Figure 2.23 Residual stresses along path 1 of the
embossed area depending on Young’s modulus.
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Figure 2.24 Residual 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 the measured
initial Young’s modulus. Material characterization
is essential for an accurate numerical residual



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.; Siedbiirger, 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 its manufacture. 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 program mentioned 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.

34 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.
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Table 3.1 Overview of Working Group ,,thick

wall“

Forming process Authors/Institution
Cold extrusion LFT: Jobst, A,;
Merklein, M.

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

FF: Guilleaume, C.;

Hot forming

Cross rolling

Brosius, A.
Rotary swaging bime: Ortmann-
Ishkina, S.; Kuhfuf,
B.
Wire drawing IWU: Selbmann,
R.; Bergmann, M.
Cold extrusionand  PtU: Franceschi, A.;
Bending Groche, P.
Near-Net-Shape- utg: Niirnberger,
Blanking 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 second distinction is made 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 are wire 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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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
[s]. A typical example is sheet extrusion, which
uses a punch and die to deform a material [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: low unit
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 rim until reaching a critical length was quin-
tupled by hard rolling and the occurrence of corro-
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sion of a shot-peened pipeline was 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-
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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 0 MPa. In particular, for the
material specimens from IWU and bime, absolute
scattering of up to 150 MPa 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 infeed Aj. 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,

DFG Priority Program 2013



40 | Residual Stresses in Bulk Forming

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 deformation Aj. 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. [1s]

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 extrusion was 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-
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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

1. Tool
optimisation

S

2. Alternative
process execution

i

3. Temperature
management

4. Forming 5. Design of the
speed forming stages

-

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 the material. 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

Residual Stresses in Bulk Forming | 41

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

DFG Priority Program 2013



42 | Residual Stresses in Bulk Forming

Strip

Sharn

Concave Die Edge

geometry (1)

Die Edge

Convex
geometry (2)

Figure 3.5 Possibilities for tool optimization. a)
Rotary swaging [21].

.

-

ReinA |

Round
Punch Edge

T Material
Flow

Blank

Punch Edge

" Blank

‘Material
Flow

Extrusion [19], b) Fine blanking [20], and ¢)

a)
Work piece

3]

b)

iii)

FI(

Fg

1

\

.Calibratiion
zone

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

Punch

Work piece

Segmented
sleeve

Progressive
Degressive
Linear

1 Ly

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”
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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,
itis shown that by controlling both active elements,



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 two materials 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
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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 diftusion-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 itis 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 gradients within 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 p. 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
coefhicients m for cold extrusion were carried out
in [39]. For this purpose, it was shown that with
the change of the coefhicient 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 stresses measured by X-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
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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 pm), 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 steps must be studied separately. To demon-
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
¢jected. 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



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 often desirable 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.
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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).
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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
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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 be more 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 the measurement points

by X-ray diffraction.
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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 are mea-
sured again with respect to residual stresses us-
ing the measurement 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 100h. For the stainless steel X6Cri7
(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 16MnCrs 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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FF: Cross-rolling

The typical residual stress profile of cross-rolled
specimens made of 42CrMox 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
42CrMog, 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 ata
critical temperature of 120 °C occurs for the axial
as well as tangential residual stresses. For the ma-
terial 16MnCrs, 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 42CrMog, this effect
can be explained by the relaxation of the stress max-
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imum below the surface: Due to the fact that the
tensile stress maximum below 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 16MnCrs
compared to 42CrMo4 can be justified by the lower
yield strength. Atalow residual stress level, as is the
case for t6bMnCrs 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 Esss
(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 S3s5JR 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



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 physical mechanism 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
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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 typical material test for determining fatigue
life is the Wohler 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 is why the HCF region 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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a) Three-point bending test

7

Dﬁ)ww

b) Circular bending test

Figure 3.9 Experimental setup for fatigue life
investigation in cold forming [39, 4s, 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 (250 MPa). 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
deformation within the cyclic loads. The same posi-
tive effects have been verified for fine blanking with
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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 Wohler diagram [4s5]. 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 location where
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 [s0]. 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 specimens with 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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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 strain hard-
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 [s1].

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 [s2]. 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

Residual Stresses in Bulk Forming | 51

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 [s3].

Preload
decrease

[

Conventional

|

Preload
increase

Figure 3.1x Specimens after the corrosion re-
sistance tests at different residual stress profiles
for cold extrusion [15].

\ J

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 to be the
reduction in interatomic distances due to compres-
sive residual stresses, which facilitates the growth
and maintenance of the passivation film [s4]. 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-Walled Work-
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 forming processes within 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
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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 at which 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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4 Simulation and Modeling

Kistner, M.; Schneider, T.; Kalina, M.; Boh-
lke, T.; Erdle, H.; Krause, M.; Steinmann, P.;
Lara, ].

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 in metallic materials is presented
in a very basic way with special emphasis on classical
macroscopic material modeling. Additionally, an
introduction to possibilities of multiscale modeling
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.

41 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.
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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-
tul 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-
lowed by 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 them with 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
the mathematical framework and the discretization
strategies are respectively the focus of the first and
second half of this section.
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4.2 Mathematical Formulation

The mathematical formulation is composed by the
conservation of mass,

p+pdive =0 (Equation 4.1)

the linear equation Egnation r.x and angular mo-
mentum balance

pr x & =div(e x o) + px x £y,
(Egquation 4.2)
as well as by the first and second law of thermody-
namics, which lead to

pi=—divq+pr+ o - grada
q - grady
@

(Egquation 4.3)
Herew is the specific internal energy, q the heatflux,
7 the heat sources, ¥ the specific free energy, ¥ the
temperature and 7 the specific entropy. Furcher-
more, the equations of balance have to be comple-
mented by constitutive laws that are admitted in the
established thermodynamic framework and a strain

,O[lb+19?7] < o-grada —

measure has to be chosen. In forming processes the
contact between components and the forees that
occurs because of it plays an important role, which
need to be included in the formulation. In the fol-
lowing, these points will be expanded upon to give
the reader an idea of what to consider while formu-
lating the continuous problem.

070

Figure 4.1 The multiplicative decomposition

of the deformation gradient into an elastic and
a plastic part
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4.2 Thermodynamic Framework for
Finite Strain Plasticity

During forming processes the material undergoes
large deformations which lead to an irreversible
change of the workpiece’s geometry. As a result,
finite plasticity has to be taken into account. Al-
though the key ideas behind infinitesimal and fi-
nite plasticity are the same — the former will be dis-
cussed in chapter 4.5 — there is much debate over
the proper mathematical representation of the lat-
ter, especially regarding its kinematic description.
Most theories are based the concept of an interme-
diate configuration between the initial and current
configuration (see figure 4.1) and the formulation
of 2 multiplicative decomposition of the deforma-
tion gradient into an elastic and plastic parts, L.e.,
F = F, . Fj, [1]. Alternatively, there are also the-
ories based on an additive decomposition of the
strain measure, ie., B = E, + E; [2] . Both
the multiplicative and the additive decompositions
have their shortcomings [4, 5], but theories derived
from these principles, i.e., the CHABOCHE model
[6] or the model proposed by Vladimirov, Pietryga,
and Reese [7] to name a few, can be extensively
found applied in the literature and in this book.

As the workpiece undergoes the forming process,
energy is dissipated inside the material. Further
dissipation oceurs at the contact surfiaces as a conse-
quence of the friction between the components.
This dissipated energy can lead to temperature
changes that can not be considered as negligible
and must be incorporated in the framework. Fur-
thermore, material parameters can be susceptible to
temperature. As such, they are no longer constants
but functions of the temperature, which leads to
a stronger coupling between the mechanical and
the thermodynamic problems. A few examples of
finite thermoplasticity formulations are those of
Canadija and Mosler [8], Aldakheel, Hudobivnik,
and Wriggers [9], and Seitz, Wall, and Popp [1o0].

1 The difference between the total and the plastic strain,
which is introduced as a primitive variable, leads to an
elastic-like strain [3]. Therefore, this is not additive de-
composition into an elastic and plastic part in the strice
sense



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 . 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 (+); 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 t,, # 0 and t; # 0. It exhibits two behaviors
or stages. The sticking stage occurs when the ¢ is
not enough to cause a relative tangential displace-
ment of the contact point pair, i.e., g, = 0. Oncet;
reaches a threshold value, the slipping stage occurs
and relative motion is allowed, i.e., g; # O.

ty
Kty

> Gt

A

—Ktn|

Figure 4.2 CouLuMB’s law with x denoting
the friction coefhicient

A simple model describing both scenarios is given
by CouLoMB’s friction law, which is graphically
presented in figure 4.2.
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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., CouLomMB-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 energy .. 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
U, = / [Augn + At - g¢] 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 LAGRANGE multipliers A, and
¢, 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 system matrix and an increase in the degrees
of freedom. As a result, the computation time also

increases.
The penalty method
1 2
Ve = 5 [ﬁngn + €9y 'gt:| da
I

C

(Egquation 4.5)
introduces quadratic energies for both the normal
and tangential contact. This can be visualized as the
replacement of the contact surface by alayer of alin-
ear elastic material. The thinness, i.e., the stiffness
of the layer is then controlled by the penalty fac-
tors €, and €. 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 and Equation 4.5 are valid only during
sticking. Once the threshold to slipping has been
surpassed, A; and €,g; have to be replaced by the

constitutive law for &;.

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 (Eguation 1.1) one obtains the

/pu~z'i:dv:
B

/ - fiq —gradv - o] dv (Equation 4.6)
B

+/ v-tda
o8

where v is the test function and t the traction vec-
tor. Equation 4.6 has to then be temporally and

weak form

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.
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4.31 Temporal

The discrete time consists of a series of snapshots
t;, where the time step is defined as the jump be-
tween discrete values, i.e., At; = t; — t;_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 a-method; or a combination of both, e.g.,
the family of implicit-explicit methods compared
by Ascher, Ruuth, and Wetton [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

Ndof

U%’U:hZZUiCPi

i=1

(Equation 4.7)

where nof is the total number of degrees of free-
dom, U; are nodal values and ¢; the corresponding



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 « 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 @ 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.
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(a) Node-to-segment

(3)

(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 nf? and (a) a single
slave node ns (node-to-segment discretization)
or (b) all the slave nodes inside the projection
of the master segment into the slave surface
(segment-to-segment discretization) [18].

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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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 4 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 a Hermite, BEZIER, spline or NURBS in-
terpolation. For an overview refer to Neto, Oliveira,
and Menezes [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-
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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 modeling metallic 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 ¢ = 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 0. 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

e=¢e"+¢f (Equation 4.8)
into elastic €° and plastic P parts is made. The
elastic response of the metallic material can be de-
scribed using HOOKE’s law

oc=2pne+Ar(e)1 (Equation 4.9)
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Figure 4.4 Hardening 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. o is the
Cauchy stress tensor, t = E/ (24 2v)and A =
Ev/((14+v) (1 —2v))arethe two Lamé param-
eters, respectively, and I is the second order identity
tensor. The distinction between elastic and elastic-
plastic loading is made using the yield criterion,
which can be written as

flo,q) <0 (Eguation 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 Zsotropic and kinematic hardening are dis-
tinguished. Mathematically, isotropic hardening
influences the actual yield stress o, depending on

the accumulated plastic equivalent strain p, which
\/5€P : éP. The
change in yield stress is associated with isotropic
hardening, denoted by R (p). Kinematic harden-

can be defined by its rate p =

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 tensor X 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 = o — itr (o) I can be written as

3
f(s, R, X)= §<S—X) (s —X) ...
kinc?r;atic
/—L
o+ IR (Equation 4.11)
isotropic

The initial yield stress of the material is introduced
as 0y and the arbitrary hardening tensor quantities
from Equation 4.10 are now defined by

={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 by means of displacement of its midpoint. The
model is to be completed by hardening laws, which
prescribe the evolution of the internal variables g
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 eftect 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 same flow
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 -0y during reverse
loading. In case of pure kinematic hardening, the
re-plastification in reverse direction starts at — oy
, 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 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
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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.

Figure 4.5 Typical cyclic behavior of metals. (a)
cyclic hardening under prescribed strain path
with €, = const.. (b) mean stress relaxation
under prescribed strain path with €, = const..
(c) cyclic ratcheting under prescribed stress path
with o, = const..




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 (), 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 cyc/ic 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 test with non-zero mean 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
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material model suitable for cyclic plasticity. For this
purpose, many models are available in the literature.
The basic one is Chaboche’s plasticity model [21,
22] with its non-linear kinematic hardening rule

. M .
X=) x.
=1
epP
M
=Y 20090 wyx
— 3 0o ~——

=1
linear hardening term

recall term

(Equation 4.13)

for the sum of M backstress tensors using the idea
of Armstrong & Frederick [23]. C @) ~®) 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]

R=b(Q—-R)p (Equation 4.14)

wherein b, () 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 Eguation

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], Déring et al.
[26] and even a model 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.
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4.6 Multiscale Modeling of Residual
Stresses

4.61 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

6':<0'>:/VadV.

In order to predict residual stresses on various scales
of the material and to allow a direct validation

(Equation 4.15)

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
material microstructure and the material properties
of the individual material components.

Homogenization methods can be classified as fol-
lows: a) asymptotic homogenization [28], b) mean-
field approaches [29], ¢) 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
(FE? 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

DFG Priority Program 2013

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-
cide with 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 FFT methods 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] for materials with more
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
(Kroner [49]), Mori-Tanaka method [s0] or Lie-
lens method [s1]. 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 formulated with alocation-dependent stress-
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Figure 4.6 Overview of micromechanical methods.

free strain. This strain may include thermal, plastic,
and transformation strains, the latter depending
on the local thermomechanical process.

In Bohlke 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-
tion densities 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 Béhlke [s4], 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
Bohlke [s55] to complex phase transformation pro-
cesses, such as those occurring during press hard-
ening.

For the application of mean-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 stresses o ()
and strains €() can be given as a linear function
of the associated eftective values & and €. The lo-
calization relations e(x) = A(x)[€] + a(x) and
o(x) = B(x)[o]| + 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 (&) - (e) = (o - €).
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 Bohlke [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 Bohlke [62],
the MEM was 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-
als may be affected by the crystallographic texture in
terms of both, the elastic anisotropy and the plastic
anisotropy.

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

Itis shown in Bohlke [64] that the use of theleading
crystallographic texture coefficients alone (fourth-
order coeflicients in the case of cubic single crystals)
allow the prediction of a deformation-induced plas-
tic anisotropy. For example, the Swift effect, i.c., 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 Bohlke et al. [64], an evolution equation
of the texture coeflicients based on the conservation
equation of the orientation distribution function
can be used, see Bohlke [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 etal. [69].
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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 the Wohler graph in figure 4.7 (a):
Compressive residual stresses shift the Wohler curve
higher, allowing for more load cycles until failure
N compared to residual stress-free components,
given the same external load amplitude 0. Ten-
sile residual stresses, on the other hand, reduce the
fatigue life of a component. Thus, their effect is
analogous to the one of the mean stress which oc-
curs in case of asymmetrical loads with a loading
ratio R, = % —1. The influence can
therefore also be displayed in a Haigh diagram (fig-
ure 4.7 (b)). However, this Wohler curve only al-
lows description of the residual stress’s influence for
one material point of the component. Since resid-
ual stresses are inhomogeneous by definition,

M local stressing — due to the tensorial superimpo-
sition of loading stress and residual stress

B andlocal 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



hand, in High-Cycle Fatigne (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) Wohler 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 0ys. 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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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 the Local Strain Approach (LSA)is the method
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.,
anotch — is chosen. The local stress-strain path ()
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
(called Neuber’s rule) represents a simplified model
for local plastic effects. Thereafter, the local dam-
aging effect of every load cycle is characterized by
a damage parameter, e.g., Pswr by Smith, Watson
and Topper (3.

Residual stresses lead to a shift of the stress-strain
hysteresis. Since Psyw is dependent on the strain
amplitude and the positive stress range of the hys-
teresis (displayed by red rectangle), compressive
residual stresses decrease Pswr while tensile resid-
ual stresses increase it. The material’s resistance is
characterized by strain Wohler 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
(#). 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 Wohler curves, requiring
difterent 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-
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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 moment M, is depicted in fig-
ure 4.9.

My A ©)
M}:r)nax
0
~|+ |+
m (4. -. — _Db_| M,
= <R
O- O-I‘ES

Figure 4.9 Residual stresses resulting from a
pure bending process.
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Considering an increasing M, over time ¢, 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



specimen’s surface show the typical stress redistri-
bution due to plastification of the material. Remov-
ing the load and ensuring M,, = 0 at the end of
unloading (2) leads to the profile of residual stresses
in typical double s-shape.

4.81 Setup and Aim

In order to investigate such a bending process and
the resulting residual stresses, a four-point bending
setup is chosen, since itleads to a pure bending state
between the inner supports. The consideration and
conduct of such a bending 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-
lation models 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 x

35 x 270 mm.

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 parameters were 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 ratio R, = 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-
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Figure 4.1x (a) strain-controlled data from optical measurement and its simulation with the
parametrized Chaboche plasticity model. (b) material parameters of the calibrated model using

(b)
Parameter  Value for Sim. #1
E 187.15 x 10° MPa
v 0.3
k 629 MPa
Q —298.9 MPa
b 9.82
C® /MPa 1,380, 3.52 x 10°,2.85 x 10%,
62.42 x 107,9.23 x 10
@ 0,5.9 x 10*,87.1,

76.01 x 10°,376.4

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
2 = Oinlongitudinal 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
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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.:

B The material batches in parametrization and == Sim. #1
, ) 100 )
the bending test are not the exactly same. Likely Sim. #2
differences may have an impact on performance o X == Exp.
during residual stress simulation. . 1 T . .
.. . 0 2000 000 000
B Chaboche’s plasticity model overestimates N /4

ratcheting. Thus, the shown parametrization

was done carefully with just a small amount of
ratcheting, i.e., 7") = 0. Using an advanced Figure 4.13 Simulation of residual stresses in

model for cyclic plasticity could improve the bending tests using the parametrized Chaboche
result. model. The evaluation pointis z = 0 on the
B The choice of constraints on material parame- | COMPression side in longitudinal direction ac-
ters during optimization affects the parametriza- cording to fig. 4.10. Additionally, Sim. #2 with
tion and in particular the prediction of residual | 2 different set of material parameters is shown.

. J

stress evolution, see Sim. #2 in figure 4.13. En-
hanced parametrization data should be consid-
ered.. o o E, plastic strain tensor (—)

B Possible s'hdmg of the beflm on Fhe cyl%ndrlcal yield function (MPa)
supports is not modeled in the simulation. force (N)

deformation gradient (—
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.

f

F

F

F, elastic deformation gradient (—)
F, plastic deformation gradient (—)

g gap between contact point pair (m)
On normal component of the gap (m)
Abbreviations and Symbols 9. tangential gap vector (m)

G shear modulus (MPa)

M,  bending moment (N m)

HCF  High-Cycle Fatigue N number of load cycles (—)
LCF  Low-Cycle Fatigue
LSA  Local Strain Approach

D accumulated plastic strain (—)

Pyt damage parameter of Smith, Watson

(¥)  fluctuation field tensor of strain (—) and Topper (MPa)

(@)  localization tensor (—) arbitrary internal variables (—)
(Z)  fluctuation field tensor of stress (MPa) heat flux (W /m?)

() localization tensor (MPa) heat source (W /kg)

stiffness tensor (MPa)
Young’s modulus (MPa)

Strain tensor (—)

isotropic hardening variable (MPa)
- load ratio (—)
stress deviator (MPa)

o asE S >

@

+ m oy Y a R

elastic-like strain tensor (—) time (s)
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normal component of the contact

force (MPa)

tangential component of the contact
force (MPa)

contact force (MPa)

traction vector (MPa)

specific internal energy (J /kg s)

i-th nodal value of the displacement
(m)

displacement (m)

physical coordinate (m)

osition vector in current configura-
tion (1m)

position vector in reference configura-
tion (m)

backstress tensor (MPa)

physical coordinate (m)

physical coordinate (m)

normal penalty parameter (MPa/m)
tangential
(MPa/m)

plastic strain tensor (—)

penalty parameter

elastic strain tensor (—)

specific entropy (J /kg K)
temperature (K)

friction coefficient (—)

1st LAME parameter (MPa)

normal LAGRANGE multiplier (MPa)
tangential LAGRANGE multiplier
(MPa)

2nd LAME parameter (MPa)

Poisson ratio (—)
test function (—)
density (kg/m®)
one-dimensional
(MPa)

eigenvalues of Cauchy stress

Cauchy

stress

tensor/principal stresses (MPa)
Cauchy stress tensor (MPa)
residual Cauchy stress tensor (MPa)
current yield stress (MPa)

initial yield stress (MPa)

i-th shape function (—)
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P specific free energy (J /kg s)
v, total contact energy (J)
AC)

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 new measurement 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.

541 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]. The mechanical methods [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-
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tured by forming, the following challenges can be
attributed to all established methods:

B Complex component geometries

M Strong gradients of residual stress distributions
B Crystallographic texture

B Thin-walled components

B Multi-phase materials (residual stresses of 1. +
IL. 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-
tive mechanical methods (e.g., saw cut method, bor-
ing method, turning method, 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 componentsurface. 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/Kroner [s, 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 <30keV), 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 sin® 1
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 um 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
asfor thelocal 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 diftraction

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 20 mm 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 a measurement volume larger than
1 x 1 x 1 mm? 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
parameter Dy is required. The determination of
the reference value D 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 determining Dy 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 the methods, 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, itisimportant 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 sin” ¢) 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 sin? ¢
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-
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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 pm
to a few 100 pm, 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 0.55 mm or 1.2 mm (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 (100,000 min ") 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 thata
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 @ 0.8 mm
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-
dance with 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 processis based on the fact that when
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 FEM model
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 .1
shows an exemplary result that arose as part of a
cross-subproject cooperation in the SPP2o13 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 s2100 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 tensile RS distribution 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 s.1is that the contour method 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 sin? ¢)-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 state Dy (strain-free material
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.
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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 alocal 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 [;
[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 sin® 1
method for materials with a cubic crystal structure,
lattice planes of the type {thhh} and {hoo} also pro-
vide approximately linear distributions of the line
positions over sin” ¢) for textured materials and can
be used for the sin? 1) method [18]. However, non-
linearities also occur for these lattice planes if micro-
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 Il are present. The models 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
DM ys. sin® 1) 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 textured material 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 sin?7) method. This makes
use of the fact that, in comparison to RSA, line
positions up to sin? ¢ = 1 can be measured with-

out any problems, which is particularly advanta-
geous for textured materials, since intensity poles
are often present at sin?¢) > 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 of mechanical methods 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-
magnetic methods is not recommended when 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 reccommended 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 to m 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].
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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, attention must 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 sheet metal
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 7/-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 eftects 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

ring support with D; = 10 mm (blue) and ring
ed 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, synchrotron X-ray or neutron diffraction meth-

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 the mean 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 Dy 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-
ods using high-energy synchrotron radiation (angle-
and energy-dispersive), especially in the case of fast
processes. Depending on the beam source used,
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there is usually a sufhicient photon flow here, 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 be mentioned. With the use of fast mea-
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 s.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, Po7): a) Experimental setup; b) diffractogram of an angular
segment of the diffraction rings; (c) Lattice strain development for ferrite (o) and austenite (7).

stress analysis for heavily plastically deformed, tex- plex stainless steel X2CrNiN23-4, with the phases
tured material states [42]. Figure 5.3 shows the first ferrite (o) and austenite (7y) in a ratio of approxi-
exemplary results of such in-situ investigations un- mately 50: 50.

der uniaxial tensile stress) for the case of the lean du-
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5.5 Benchmarks

The task of the expert group within the framework
of the SPP2o13 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 the measurement 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
42CrMos4 Samples

The benchmark on the shot-peened sample of the
heat-treated steel 42CrMog4, 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 be mapped
using different methods and different measurement
and evaluation strategies. On the process side, resid-
ual stress depth distributions were determined us-
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ing X-ray residual stress analysis, incremental hole
drilling methods, micro-magnetic methods and
nanoindentation. The results showed that, after ad-
justing the measurement 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
X2CrNiMory-12-2, fcc), heat-treated steel 1.7225
(42CrMog, in the heat-treated state, bee) and du-
plex stainless steel 1.4462 (X2CrNiMoN22-5-3, fc-
¢/bec 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.

1200 ——————
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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 maximum machine angle of 80° was
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applied to cylindrical specimens with a diameter
of @ 10 mm 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 from 4 different institutions (A, B, C

DFG Priority Program 2013



92 | Residual Stress Analysis on Metal Components Manufactured by Forming

200

180

160

A,

N

o
T

torsion moment / Nmm
>
o

80 ~
al ——EN1.7225 ]
——EN 1.4462
40 ——EN 1.4404 ]
20 4

0 1 1 1 1
0 10 20 30 40 50 60 70 80 90

machine angle / °

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 100 MPa 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. ]; Besong, L. L; Buhl, J.

64 Summary

According to DIN 2092, disc springs are conical
ring-shaped discs that provide high spring force
with minimum spring deflection and optimum spa-
tial efficiency. They must 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
expensive materials, 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-

Gr
Disc spring
Desired
L =711 | 6]l 15 lo | =0

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,

s].
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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 ~y-austenite to a’-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-forming methods 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-



Targeted Induction and Stabilization of Residual Stresses in Austenitic... | 97

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 Production of Various Batches with
Rolling

The most 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 ({) = 155 mm, width
(w) = 155 mm and thickness (t) = 3 mm. The
final plate thickness was obtained by rolling. The
rolling process was carried out at room temperature,
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
330 mm, the roll width was 800 mm and a rolling
speed of 30 m/min was 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 a maximum force capacity of 3,000 N in z-
direction was used for the incremental forming (see

Heated rollers

Heated reversing table

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).

(a) ' Load cell
$i ¢ /

Cooling
channels

olant supply g

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 ¢  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 ¢ 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-
fralec Variocam 600HD). The Fischer FM P30 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 to monitor 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 ¢ = 0.0025/s. The disc springs had
dimensions of 112/57/1 mm (D./D;/t).

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

stability.
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A sinusoidal load-time function with a frequency
of f = 10Hz and a force ratio of R = 10 to an
ultimate load cycle number of N = 2.5 x 106
was used for these tests.

1 Y - )
Disc spring Feritscope
Fixture
Strain gauge

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 studied us-
ing scanning electron microscopy. Residual stresses
within the disc springs were measured using two
different X-ray diffractometers (XRD) setups. A
portable instrument called ;-X360 was used for in-
situ measurements (figure 6.4). This instrument
uses CrKo-radiation and operates according to the
cos a method [14]. An X-ray incidence angle of
Yo = 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 1)y = 18°. The Bruker D8 Discover XRD
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was used for intermittent measurements in the tan-
gential direction based on the sin? @ method. 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 40 mA and a voltage of 40kV. The
20 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 2 mm was 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 of 62.5 MPa to a maximum stress of
£500 MPa at the bottom and top of the specimen.
After reaching the maximum values, the stress was
relieved in the same steps down to 0 MPa. 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 6.5 Experimental setup for residual stress
measurement.

6.5 Numerical Models

Microscale finite element simulations were con-
ducted to model changes in micromechanical 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.

6.51 Microscale Simulation Model
(CPFEM)

To model microscale changes in the material pa-
rameters, microscale FEM models 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
the micro 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-FEM model, based
on the work of [16, 17].

Total deformation is:
F = F°F"F?
NT .
. . FEguation 6.1
Ftr — Z CitressNI ( q )
I=1

Martensitic nucleation and the growth are defined
as:

C — CO + Cstrain 4 Cstress 0 S C S 1

(Equation 6.2)
The thermodynamic driving force for strain-
induced martensite nucleation:

R = —[12AG(( = 7))
NT

?train — e | ] — Z s PIN?train;ya
J=1

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

R = det(F) 2 (FENFe

el 7 e T strain
+FNTF )-N;

NT
C;tress _ Cgro(g[) + Cstra'm) 1 — Z Cﬁ
5—1

PINitrain
(Equation 6.4)
Thelocal CPFEM model is extended with the strain
gradient approach, which leads to the flow rule of
the non-local term for TRIP steels.

n

sign(7,)

T()é

Yo = Yo (Equation 6.5)

o

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

. | T+ TEND | o
“ = — sign (7, + T,
it Y0 Fotra gn( aND)
(Equation 6.6)
Lamellar hardening in flow rule:
. T+ TGND " o
o = - Sign( 7o+,
! 7 T + TgNDl + Tgvip g ( GND)
(Equation 6.7)

And the lamellar structure with:

NT
%t(fmp = CMHDM Z Yy (Equation 6.8)
I=1

:det(F) o - (FeFtrM Ftr_lFe_l

Ta

+ Fe_T FtT_TMgFtTTFeT)
(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 3 and § in such a way that, in
addition to the plastic strain, the strain rate and
temperature influence on martensite formation are
taken into account. The material model was imple-
mented in the commercial FE software Abaqus® as
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a subroutine; the coefhicients were determined by
inverse simulation and published in [18, 19]. This
sigmoidal function relates the martensitic volume
fraction and the plastic strains [20]:

for =1 — exp{—fo(1 — exp(—£€e)")}

(Equation 6.10)
The rate of the shear-band formation is controlled
by the parameter { with increasing strain and is
dependent on the stacking fault energy. The varia-
tion of parameter 3y 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 v — «'. The term n acts
as a fitting parameter and is taken as 2 [21]. The
transformation rate of the model is mathematically
represented as:

dfo

de

ng(1 — for) In(1 — fo)

exp(€e) — 1
(Equation 6.11)

The incremental formulation used to calculate the

volume fraction of the martensite:

fsb - 5(1 - fsb)ép

M = B = ]
. &honfa fo) (Equation 6.12)

Vnm - Va(]fnm

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

A> — Ao
a=Af+ ——
1+exp(ATQ) " . |
AP _ AP quation 6.13
B=A)+—1——2

1+ exp (TA’TTBﬂ)

In Equation 6.11 and Equation 6.1z, the terms A¢,
Ag, AP AL T AT, TP, and AT? are fitted
parameters and 7" is temperature. Because of the
chemical composition of retained austenite, the
eight parameters in Eguation 6.11 and Equation 6.1z,
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]:

o =0y~(1— fo) + 0y for (Equation 6.14)

where 0, and 0y o are the flow stress of the
austenite and martensite, respectively.

The elastoplastic behavior is achieved for each phase
by using the von Mises yield function F with an
isotropic hardening law. The yielding is described
as follows:
0=0¢—00— R (Equation 6.15)
O¢q TEpresents equivalent von Mises, 0 indicates

the initial yield stress, and R is the isotropic hard-
ening parameter. The o, is derived as follows:

§S@"Si'

5 (Equation 6.16)

Oeq =

here S;; is the deviatoric part of the stress tensor.

Where the isotropic hardening parameter can be
calculated as:

_peP .

R=0Q <1 —e bae”) (Equation 6.17)

where () and b are material constants depending
on the constituents. €7 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 results were 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.

Hidden
layer

Input
layer

Output
layer

Martensite
Deformation_{ content
rolling
= Hardness
Temperature—] Residual
stresses

Figure 6.6 Neural network architecture of the
rolling process

6.6 Results and Discussion

6.6.1 Experimental Results of the Rolling
Process

The mechanical properties of the rolled blanks were
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-
crease with increasing rolling temperature and yield
strength decreases for the material 1.4310 and 1.4401.
More results can be found in [23].

\
— 0,45
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Figure 6.7 Dependence of flow stress and grain
size diameter on rolling temperature.
- J
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(@)

)

\

Figure 6.8 EBSD micrographs of 1.4310 sheet blanks rolled at (a) 80°, (b) 150° and (c) 300°.

B Austenit (fcc)
. a’-Martensite (bcc)

. e-Martensite (hcp)

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 aid of CP-FEM. The microscopic material prop-
erties of the RVE (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 the RVE is shown under
tensile loading.

Stress [MPa]

-—'10391
i |
5154

Martensite content [%]

Figure 6.9 Stress distribution of the RVE under
load and b) martensite content.

\ J

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,
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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.
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—_ EN 1.4310 c
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Figure 6.10 Calibration of the flow curve and
martensite development under a) static and
cyclic load. Stress distribution of the RVE under
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-FEM model 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 s), 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.
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Figure 6.1 Calculated a) flow-curves for
martensite and austenite b) martensite evolu-
tion for different temperatures.

L J

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 200 mm /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] 0y, [MPa] @, [MPa] b E,[GPa] v,
856 302.7 19.97 188 0.31

RT Oyo,a/ Qo,o/ ba’ Ea’ Vy!
1,460 1,005 10.22 217 0.28

Temp. [°C] o0y, [MPa] @Q,,[MPa] b, E,[GPa] v,
764 - 175 0.3

80°C Oyp,a/ Qo,a’ ba’ Ea’ Vot
- - 201 0.27

Temp. [°C] 0y, [MPa] @, [MPa] by E,[GPa] v,
600 - 169 0.3

300°C Oyo,o Qo,a’ ba’ EO/ Ve
- - 192 0.27

Martensite vol.

55.7
l 4812 4
4125

L3438
27.50
1375
0687
0.121
0.000

Rolling degree 0.4, 0.3, 0,2

(@)

< 175{Rolling degree 0.4 (b)
< o 80°C 160°C _
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w =

8 175 =

w

o

£ 350

T 595

3 525 EN 1.4310
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0,00 0,07 0,14 0,21 0,28 0,3
Deep [mm]

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

Itis 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.

DFG Priority Program 2013

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/mm?K to approximately
16 mW/mm?K in the first 4s 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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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 blank material from flowing 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

The material 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
are mainly 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 5 mm diameter tool,
astep size of 0.1 mm, and at 80 °C and 300 °C are
presented in figure 6.14. Significant changes may
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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 ¢) 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.
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Figure 6.15 Force-deflection capacity in disc
springs formed under different process parame-
ters. a) incrementally formed, b) conventionally
formed.

Up to the maximum number of cycles, N = 2.5 x
105, 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, one man-
ufactured conventionally and one incrementally,
were studied. The geometry of both springs was
112/57/1mm (D,/D;/t). They were manufac-
tured from AISI 301 sheet metal 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 = 1 Hz
was used, followed by 10 Hz. R = 10 was the load
ratio for all stages. Using an X-ray diffractometer
and Feritscope, the disc springs’ residual stress con-
tent and martensite volume fraction were measured
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.

10%, and 10° 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 providing more 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 and MBN measurements.

yiby 7y pidy iy

17
Mat.:1.4310
x V4 o n
s L " ] a
s 151 ] A
< '.; \ i l\.
: ul X ‘!« R
= J" Y M v
g 13 % 3
o ”
= ¥ W v
% 124
= i - y=— Compr. stress = W= Tens. stress

500 0 500 0 -500 0 500 MPa-500

Bending stress oy,

-500

MPa 4

-400 -
-@-XRD

-l-MBR
Mat.:1.4310
Geometry: 80/36/10 mm

18

-350 4

Residual stress o

-300

6 mm

Distance from the inner edge

Figure 6.17 a) Stress dependancy of the max.
MBN amplitude M., 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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sidual stresses and the martensite fraction.

Due to the complex physical phenomena in TPIF,
the architecture of the ANN may 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
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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 quantitatively measure 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 that microme-
chanical models can be used to extend macro me-
chanical material laws, and macro FE-simulations
can be used to calculate residual stresses and marten-
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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Parts under Specific Cooling
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74 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 the me-
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 targeted modification

Figure 7.1 Thermomechanical-metallurgical
material interactions during hot forging.

\ J

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 research works [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 already modeled 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 continuum mechanical 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 application of multi-scale methods 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 FE*
method, is suitable for realizing a cross-scale simu-
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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 (FE?) 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

7.21 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 35 mm and height of 50 mm with
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.

The material investigated here is the Cr-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 °C with 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 DYNS]ss90. The reference process re-
sults in a final height of 28 mm using a forming
speed of 200 mm /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 oso from Bete GmbH are
fed by a mixture of water and air at a pressure of
0.04 MPa, which results in a water flow rate of ap-
proximately 0.21/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.

DFG Priority Program 2013



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

Upper tool
(rigid, heat conducting)

3D-model of semi-
finished product
(elastic-plastic)

Lower tool
(rigid, heat conducting)

Single-scale FE model

Distortion

isothermal

Two-scale FE Model

Ww T2°¢T
Juawdojanap ainjesadwal-awi]
suonipuod Alepunog

ww zo'tt

18.48 mm

6.75 mm

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].

15.9 mm 7.67 mm

7.2.3 Single-scale Model

The previously described process, see section 7.2.1,
is numerically investigated utilizing Simu-
fact.forming vi6 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

e=ce"+eP +e +e" +e™® (Eguation 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.c., 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 11.4 W /mK accord-
ing to the specifications of the material supplier
[30]. The workpiece is modeled as a cylindrical

DFG Priority Program 2013

3D half model exploiting symmetry and discretized
with 8-node hexahedron elements with an element
length of 1 mm. The friction between workpiece
and tools are considered using combined friction
models with friction coefficient ¢+ = 0.1 and fric-
tion factor m = 0.4. The strain, temperature and
strain rate dependent yield stress is modeled us-
ing the GMT model (Gesellschaft fiir 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 JMatPro', 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].

s ~

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.
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Figure 7.4 Temperature-dependent heat trans-
ter coefticient (HT'C) for cooling in water and
cooling with spray.
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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 F E? 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)?, 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 equation’.

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 z-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. Girtner. “Solving unsymmetric sparse
systems of linear equations with PARDISO”. In: Jour-
nal of Future Generation Computer Systems 20 (2004),

pp- 475—487.
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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 x 20 elements in a structured manner.
The time step size is set to 0.1 s with 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) and microscopic (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
1
~ VvV
g, =\ =
|| tang||£2 <V /RVE

where V' denotes the volume of the RVE. 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-

52 dv)é

tang

(Equation 7.2)

scopic tangential component of the stress fluctua-
tions is defined as the projection of the microscopic
stress fluctuations onto a fixed (macroscopic) tan-
gential vector 5, i.e., Oung 1= 0 : (§®5).

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 7.5 Measuring points (MP) on the
circumference of the specimen as a function

of the angle 0.

Experimental tests are carried out on selected cool-
ing variants and the geometry, microstructure and
residual stresses are investigated and compared with
the numerical results. Afterwards, promising cool-
ing routes are examined in a two-scale FE* 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 ¢ are measured by X-
ray diffraction. A schematic representation of the
measurement points can be found in figure 7.5.

7.31 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
modified material 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 of martensite 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

*Max permissible content of alloying element

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-
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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 0 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
show high compressive stresses in the spray-exposed
region around ¢ = 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 6 by means of X-ray diffrac-
tion. The results of the experimental and the single-
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| Spray total | | Spray thin ‘

| Spray thick

Figure 7.8 Overview of considered spray
cooling variants.

\ J

scale numerical investigations are illustrated in fig-
ure 7.10.

As can be seen, on the thick-walled side, starting
from the angle ¢ = 0° at MPrup to § = 45°,
compressive tangential stresses of o, = —407 MPa
and 0, = —223 MPa, 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 o, = 216 MPa for 0 = 0° and o, = 146 MPa
for 0 = 45 ° produced by cooling in water. Above
6 = 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,
o; = 222 MPa are measured for MP2, in contrast
to the calculated stress of o, = 65 MPa. 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

— Water
Spray total — Spray thin
500 — Spray side — Spray thick
300 e
[y
a 100
=
= -100
5" -300
'500Illlll||||I||||I||||I||||I||||I
0° 45°  90° 135° 180°

Position ¢ of the measuring points

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

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 800 HV 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 o, 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 0.5 mm. 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” and water. Consequently, it
can be concluded that modification of the residual
stresses is possible by advanced process control.

' 0.5

0.25

. 0.0

-0.25

. -0.5

Figure 7.1x Geometric deviation e in mm of
the samples from water and spray cooling.
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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
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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 FE? 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-
scale model 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 0, at measuring points MPr and MP2 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
(MPr) 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
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Figure 7.12 a) Temperature evolution and b) tangential stresses in MP1 and MP2 for cooling with
strategy “spray thick” utilizing single-scale (FE) and two-scale (FE?) methods, see figure 7.5 for
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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.
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Figure 7.13 Macroscopic tangential stresses in
MPa from the two-scale simulation with micro-
scopic martensitic evolution and stresses in MPa
for MP1 (black cross) after t = 27s.
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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 the microscopic stresses.
In order to measure the impact of the microscopic
on the macroscopic residual stresses, quadratic mea-
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 MPr (black cross) aftera) t = 40sand b) ¢ = 300s.

transformation, the quadratic measure is equal to
zero, i.€., ||Gung|| 2 = 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. ... I
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In contrast to the heterogeneous distribution of the
macroscopic tangential stresses, which have been o
investigated before, the microscopic stress fluctu-
ations of the residual stresses are independent of
their associated macroscopic position. In general, oL

such a quadratic measure can be useful to deter-
mine the influence of microscopic quantities on the
macroscopic performance or to depict the phase i
transformation on the macroscale. However, itis to
be noted that the sign of the microscopic residual .
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stresses is omitted by definition, see Equation 7.2. s
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Figure 7.15 Quadratic measure of tangential
part of stress fluctuations || Gy, || - aftera) ¢ =
9s,b)t = 12sand ¢) ¢t = 80s 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 TT 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 reduced wear 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 10 mm, 60% of the specimen
with tensile residual stresses but only 28% of the
specimen with compressive residual stresses show

cracks.
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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

Bergmann, M.; Selbmann, R.

Reimers, W.; Kriusel, V.; Baumann, M ; 1

l GEPRIS 372788207 J

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 the manufacture 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 by means 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 the wire. The smaller bending radii as
well as the static and dynamic properties of the wire
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 TU Chem-
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. The MW 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 S235]
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 in material 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-

ng.
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two electrolytic removal steps (3 and 6 mm)

Table 8.1 Depth-resolved residual stresses in the starting material and after solution annealing after

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+100 450+ 10 +90 + 130

8.2 Work and Results

8.21 Presentation of the Results and
Discussion

The results listed below represent excerpts from the
main findings of the funding periods. A detailed 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.

DFG Priority Program 2013

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 um %= 4 um. Vickers hardness determination
showed a hardness at the edge of the bar material
of 292 =9 HV 0.5 and a hardness in the volume of
2904+8 HV0.5. Manufacturing-related preloadsin
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 at 1,050 °C for 15 min (+6 min heat
treatment) and cooled in air. Following solution
annealing, metallographic examination revealed an
average grain size of 28 um £ 9 pm. The Vickers
hardness determination yielded a mean hardness of
164 4+ 18 HV0.5. In table 8.1 the residual stresses
determined at the surface (0 mm removal) and by
electrolytic layer removal of 3 mm and 6 mm, re-
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figures after solution annealing (right).

Figure 8.1 111, 200 and 220 pole figures of the starting material (left), 111, 200 and 220 pole
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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 treatmentis shown in figure 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 WPs 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 (WPs). 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 equipment was 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 same way as the compression tests.
In each case, the specimens were drawn from an
initial diameter of @ 12mm to @ 10.8 mm at a
press speed of 10 mm /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 in WP2, 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
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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 showed deviations,
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 coefhicient of friction . is adjusted.

For the further development of the die geometry,
a diameter reduction of the starting material dur-
ing forming from D = 12mm to D = 10.8 mm
was specified. In order to generate a database, the
forming of the bar material was first fundamentally
investigated in the FE simulations with 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 s].

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 adjusted with 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 in WP6. 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 in WP4.
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 and displace-
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 in WPs 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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Figure 8.3 (a) specimen geometry, (b) wire drawing device, and (c) test setup in the servo press.

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 12 mm and the specimen
length was adjusted to 100 mm to achieve an anal-
ysis range with constant properties. For the speci-
men clamping, alength of 225 mm with a diameter
of 9.6 mm 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 forming machines. 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-
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ment speed was 20 mm /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 the macro-
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. The measurement
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.
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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 s]. 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 —490 MPa, whereas for the martensite
phase using the conventional die in the tangential
direction, significant tensile residual stresses were
determined with +400 MPa. 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 s]. The results of the
color etching show that the microstructure, espe-
cially in the deformed edge zone, difters 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-
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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 —-2434+25 250£31 —246+19
Concave 427 £ 27 —221 427 488 4+£23 —248 +21

mens varies in thickness in the ranges from 5 um to
60 wm. Furthermore, it can be noted that residual
austenite components and intermediate phases due
to deformation (¢’ 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
magnetic moment, also with the magnetic moment
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 lower DFI 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.
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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 the MTS Hydraulic Wedge Grips fixture using
MTS 647.10 Wedge Set Assy (10.9 mm-16.5 mm)
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 by means of con-
cave and convex dies, taking the martensite 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 an optimum was 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 the manufacture 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 operated were 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 FOP, 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 1%t 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 a way that, although no
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 tests were carried out with a fer-
ritic steel 1.0579 (S355]2+). 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 and were to be elaborated by a cooperation
in SPP2o13 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-
terently. 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. s]. 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 as well as in downstream wire 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].
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Production of Wire Semi-finished Products
with Tension-compression Forming Processes

After the transition from modified impact extru-
sion [s] 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
2,000 mmy/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 was monitored with the thermal camera. Ata
drawing speed of 20 mm/s, the wire temperatures
were constant over the drawing area after an ap-
proximately 30 mm 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 die mounting, and the specimen clamping
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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 to manufac-
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 of D = 10.8 mm.
Thus, the demonstrator was designed for produc-
tion with the modular bending tool on the servo
press, considering the specified functional ranges
and manufacturability. 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 45 mm 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
WPro. 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 3D models 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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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 tests with the material S3ss.
This is also evident in the force values. Further nec-
essary work, which was 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 1.4301in
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 2,000 mm /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)]. Bending with 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
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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 higher martensite 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 were manufactured in the mod-
ular bending tool according to the concept devel-
oped in APs (figure 8.9). The rationale for the
change from the industrial bending machine is
explained in APs. In addition to material 1.4301,
demonstrators were also recovered for material S3ss.
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

3-point bending

carried out as indicated in APs. 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 AP1o, a device for
load investigations of the torsion bar springs was
designed. Due to postponements in the personnel
months and material models that have not yet been
tully 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 and models 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 5 Hz 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.
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material states, in particular at the sample surface.
Due to the cross-linking in SPP2o13, 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-
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wise electrochemical removal. The deformation-
induced microstructural transformations that oc-
cur in the material 1.4301 during wire drawing must
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 XRD measurements. The aim was to ana-
lyze the macro-residual stresses at a greater compo-
nent depth in addition to the XRD measurements
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 evaluation were drawn
wires produced with the geometry variants conven-
tional (Ref), convex (Kov) and concave (Kok), both
with drawing speeds of 20 mm /s and 2,000 mm/s.
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Figure 8.1x Experimental results 1.4301 — X-ray diffraction (XRD) and borehole method (BLM).
Left: Wire drawing at 20 mm/s. Right: Wire drawing at 2,000 mm /s with the geometry variants
conventional (Ref), convex (Kov) and concave (Kok).

From adepth of about 30 pm (Kovand Kok) 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 um. 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 2,000 mm/s.
For the samples drawn at 20 mm /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 renewed XRD analysis on the
newly formed surface in each case. Phase-specific
XRD residual stress analyses were performed for
both the martensite phase (lattice plane «’211,) and
the austenite phase (lattice plane y220) using Cr-Ka
radiation and a 1 mm mm round collimator. The
BLM measurements were performed with a face
mill D = 0.8 mm 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, which were determined and verified in
the FE simulation. Figure 8.1 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 BLM measurements
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 analysis methods will 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 Dy = 12
to D = 10.8 mm and a degree of deformation
of ¢ = 0.26 for the conventional variant, a high
level of tensile residual stress occurs in the surface
region ata drawing speed of 2,000 mm/s. The con-
ventional geometry (Ref) exhibits tensile residual
stresses of well over 600 MPa (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 0.1 mm depth; on the other hand,
there is a peak at approximately 0.3 mm. 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- 0.32 mm. Thereby, the course
corresponds qualitatively to that with the conven-
tional geometry. The quantification of the prop-
erty improvement with respect to the residual stress
distribution in the wire can thus be demonstrated
and the behavior, in particular with the wires drawn
with the concave geometry, is also shown in the

bending tests (AP7).
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In the experimental investigations with the mate-
rial S35, it was possible to prove at a drawing speed
of 20 mm /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 the wire surface on average from about 330 MPa
toabout 222 MPa and to about 301 MPa with 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 SPP2o13, 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 the WP, the cross-
linking in SPP2013 was used and a macromechani-
cal material model was built with colleagues from
BTU Cottbus 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-
DYNA was 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).
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evaluations showed about 40 volume percent of
deformation induced martensite as homogenized
value from the bar surface to 0.4 mm towards the
core. Axial and tangential tensile residual stresses
between 300 MPa and 600 MPa 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
orientation of 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 bar material 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 aftected lubri-
cation such that the surface of the specimens exhib-
ited significant residues of lubricant after the form-
ing process that were 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,
which was about 10 um 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 by means 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 - BTU Cottbus (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 “Thick Walled” [s], the colleagues Prof.
Merklein - FAU Erlangen, Prof. B. Kuhfuf§ - bime
Bremen, Prof. W. Volk - TU Munich, Prof. B.
Behrens - Leibniz Universitit Hannover and Prof.
P. Groche - TU Darmstadt 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-
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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 the modified 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 {- 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 form of 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 stresses were de-
termined by X-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
wires was focused on failure and the influence of the
spring back and represent a potential improvement
of component properties. The FE simulations were
turther 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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941 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 I** to I
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]
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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 1.5 mm with a
depth of between 50 pm and 100 um.

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 and depths
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were simulated in the next step. As a result of this
structural optimization, embossing grooves with
a spacing of 0.5 mm and a penetration depth of
100 pm were 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 homogeneous RS
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).
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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 0.1 mm 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 pm with a reforming punch in a second process
step. The developed process was evaluated using
the single-phase ferritic corrosion-resistant stain-
less steel X6Crry (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

(18 mm and 30 mm). 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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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
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(right side). The embossing die was designed to
create embossings that penetrated the component
by approximately 100 um. Figure 9.5 illustrates
the simulated embossing process, showcasing stress
components in  (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 the RS dis-
tribution, an additional reforming operation was
introduced. Here, the reforming die indented the
embossings by 20 um. 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 to manufacture three inserts representing the
three operations (forming, combined forming and
embossing, and reforming).
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Figure 9.4 Numerical results of the bending process simulation.
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Figure 9.6 Numerical results of the reforming process simulation.
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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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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 1.5 mm
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-
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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 the middle of the sheet.

The basic problem with 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 cup manufactured by deep-
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.

e N

measurement location (outer side)

Figure 9.10 Geometry 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 26 vs.
sin? -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 group method [6], stress
factors Fj; [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 F;; 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 IIl at DESY (Hamburg). In the following,
selected results of measurements are presented as an
example, which were carried out on the beamline
Po7B@Petra IIT at DESY (Deutsches Elektronen
Synchrotron = German Electron Synchrotron) in
transmission geometry using monochromatic syn-
chrotron X-ray radiation with photon energies of

87.5keV.

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/cornpression apparatus. Com-
plete diftraction 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 =
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 (n = 90°), transverse

to the direction of loading (7 = 0°) and atan angle
of 45° to the direction of loading (n = 90°), the

DFG Priority Program 2013
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Figure 9.1x Results of the local X-ray residual stress analyzes on the deep-drawn cup made of duplex
stainless steel X2CrNiN23-4 using the sin? 1) 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.
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Figure 9.12 Setup of the in situ diffraction experiment under uniaxial tensile loading at the beamline
Po7B@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

(n = 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
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the basis of the stress factors F;;. 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 9.14 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.

applied load o, / GPa

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 described with the stress factors, is thatin the
plastic range (above the yield point R g) 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 20, the

diffraction rings can also be evaluated in such a
way that the line positions from the segment-by-
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Figure 9.15 Course of the lattice plane spacing over sin” ¢/ 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, dj,j; vs. sin? ¢ distri-
butions can be displayed over the entire orientation
range 1), i.e.over the entire range 0 < sin? ¢ < 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
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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 sin ¢) = 0.5). In these cases, the
existing non-linearity in the sin? 1) - 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 simulations make 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 through micromechanical relations. Each
of the two phases is treated as a homogenized poly-
crystal model for which the influence of RS 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 ¢(x)

in the polycrystals, e.g., Cauchy stress or strain, are
averaged within each phase { with corresponding

volume V¢ by
€ V5 / qb
(Equation 9.1)

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

Pe =

o¢ = C¢ [ec — €f] (Equation 9.2)
where the phase stiftness C;¢ and the phase plas-
tic strain 6? are not simple averages due to the
heterogeneous orientation distribution in each

phase. The viscoplastic behavior is specified with
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an anisotropic dissipation potential

3 ngrl
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(Equation 9.3)
here fl ¥ dth
where flow stresses o , stress exponents 1, and the
reference strain rates égg are introduced as material

parameters.

F

The flow stress ¢ is modeled by phenomenologi-

cal approaches based on phase-specific equivalent
strain measures

= [ e ar

A common approach for the flow stress is the Voce-

(Equation 9.4)

type hardening approach

o =of" + 0P+ (0F ~ o)
—@0—6008601
X [ 1—exp (Fgoo EF)Of )
O¢ — O¢

(Equation 9.5)
where the initial yield stress 0?0, the saturation
stress Jgoo, the initial hardening modulus @2, and
the saturation hardening modulus @go 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 [m].

Both the anisotropic stiffness tensor and the Mises-
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

Ce = (Ci;o + (Ve (Equation 9.6)
where the isotropic stiffness C?O and the
anisotropy factor (¢ depend on single crystal
elastic parameters, and the fourth-order texture
coefficient V¢ is related to the experimentally
characterized orientation distribution function
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(Equation 9.7)
Based on the representation theory argument by
Man and Huang [13], the Hill tensor H is given by
Bohlke et al. [14] as
He =Py + 0 Ve. (Egquation 9.8)
The plastic anisotropy parameter 7¢ 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 ¢¢ are homogenized to macroscopically
effective quantities ¢. Those quantities which are
homogenized via simple averages can be expressed
as a weighted sum

6= (o) = [ oy -

> et
Veve §

(Equation 9.9)
by the use of the phase volume fractions
ce = Ve /Viyr of a representative volume element

(RVE) with volume ViyE.

In deep-drawing simulations, the deformation of
a material body B € R? must be considered un-
der the assumption of large deformations. Based
on the deformation gradient F', an incrementally
objective macroscopic strain increment A€ is con-
structed using a midpoint integration rule

A& =sym (2(F" = F7) (P 4 F) )
(Equation 9.10)
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see Miehe et al. [16]. The strain increment is as-
sumed to be additively decomposed into an elastic
strain increment A€° and a plastic strain increment
Ag®ie., A€ = A€® + A€P. On the macroscopic
scale of the RVE a purely energetic effective Cauchy
stress increment & is assumed, which results in the
incremental Hooke law on the macroscale

Aa = C[Ae — AéP], (Equation g.11)
with macroscopic fourth-order stiffness tensor C.
The localization relations

AE& = Ag[Aé] — ACL&7 E .
Aoe — BJAG] — Abe. (Equation 9.12)
introduces for each phase £ the strain localization
tensor A¢ and the stress localization tensor B, as
well as the corresponding fluctuation field incre-
ments Aag and Abg. 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 the Mandel-Hill
lemma

() (e) = (o -¢).

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 Bohlke [17] validate this assump-
tion for duplex steels using the Maximum-Entropy
Method (MEM), an analytical approximation of lo-
cal stress distributions based on homogenized quan-
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

(Equation 9.13)

S=- // p(C,e)Inp(C, e)dCde,

(Equation 9.14)
a joint probability distribution of material proper-
ties and local strains p(C, €) is retrieved, see Krause
and Bohlke [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 bending beam
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 between MFM
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 9.16 Distribution of phase-specific stress
over the height of the bending beam. The simu-
lation results of the MFM are 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 simplified MFM 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 eftec-
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 the MFM 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.r7 the simulated distribution of
RS at half-cup height are shown in comparison to
experimentally determined RS by X-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 the MFM makes the qualitative and quantitative
prediction of phase-specific RS feasible.
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Figure 9.r7 Comparison of phase-specific resid-

ual stress distribution in drawing direction at
the cups wall obtained by MFM 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 of micromechanical 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 the MFM. In figure 9.18 the evalu-
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ated phase-specific stress in the ferrite and austenite
phase is shown for a varying specimen orientation.
The predicted load partitioning of the MFM is 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 determined macroscopic RS 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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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 250 mm. Accord-
ingly, the embossing die is designed to penetrate the
component by 100 um. 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 on RS 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
26 vs. sin? ¢)-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 XRD methods, 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 diffraction measurements. 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. The ultimate aim is to advance
manufacturing processes by improving the control
and management of RS.
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1041 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 of material 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 fatigue models
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
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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.

10.241 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 direction without an
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Figure 10.2 a) Different work roll paths with
linear, progressive and degressive movement 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 10.1b). 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-15¢ 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 ~ Res. rotational speed
work rolls of workpiece
20 — 80 rpm 300 — 1300 rpm

Calibration time
0—>5s

Process time

2—10s

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 degressive work roll path moves
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 about K; = 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 [s]. Conversely,
however, a larger increase of endurable stress ampli-
tude than for mild steels can be observed in the pres-
ence of compressive mean stresses [4]. Therefore,
a 42CrMozy4 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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tion with 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 the ma-
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-fit mechanism 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 is mainly influenced by the material com-
bination and surface roughness of the components.
The third determining factor in Coulomb’s law —
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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 and depends 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.

10.44 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 42CrMog4 (1.7225) used for the
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Figure 10.3 Material characterization of
42CrMog (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
¢ = 0.5 and extrapolation using a Hocket-Sherby
flow curve approximation [8], see figure10.3b). 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 210 GPa,
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 2%-D model using LS-

Dyna Rir.1.o 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 0.05 mm 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-
ure10.2 b), thathasa radius of only 0.3 mm 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 TU Dresden 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 3D model, 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 stift 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 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 of K; = 2.7 for the degressive path
and K = 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 von Mises 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
1,150 MPa 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 ¢ = 4
which explains the higher local yield stress of about
1,300 MPa, 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 thata
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.
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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
adrop 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 ¢) 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 t