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Abstract

The goals of metal forming process design have long exceeded the mere shaping of
components. Changes of the component properties which are caused by forming, in-
cluding residual stresses, damage and work-hardening have received increasing atten-
tion in the last years. If done right, the incorporation and control of property changes of
cold forged components in terms of numerical process simulations could significantly
improve the energy- and resource-efficiency of metal forming processes as well as the
components’ service life and performance. To predict and exploit the property changes
by means of numerical simulations, the exact incorporation of the workpiece material
behavior is of utmost importance. Up to now, anisotropic hardening is rarely considered
in the field of cold bulk metal forming making impossible a flawless prediction of a
component’s properties and its performance.

In the scope of this thesis, typical cold forging materials are characterized with regard
to their anisotropic work-hardening behavior exhibited at large strains. Tension, torsion
and upsetting of material specimens pre-strained by forward rod extrusion reveal the
material’s work-hardening behavior under a variety of different strain paths. It was
shown that all investigated materials exhibit an extensive Bauschinger effect, work-
hardening stagnation and permanent softening which, up to now, are rarely considered
in cold forging simulations. All anisotropic hardening phenomena intensify drastically,
with the pre-strain.

The experimental data is utilized to select, modify, and fit constitutive models of in-
creasing complexity with the goal to capture all relevant work-hardening phenomena
exhibited in the course of strain path changes. A modified version of the Yoshida-
Uemori multi-surface model is successfully implemented and applied to improve the
prediction accuracy of cold forging simulations. Various hardening models were applied
to the simulation of basic single-stage cold forging processes, revealing, that the flow
stress and residual stresses as well as the ejector forces are strongly affected by strain
path changes, which cannot be captured with the common assumption of isotropic work-
hardening.

While the forming forces of single-stage cold forging processes are hardly affected by
anisotropic hardening, despite the occurrence of intrinsic strain path changes, the form-
ing forces in multi-stage forming operations are reduced significantly, if large regions
of the workpiece experience a strain path reversal. Lastly, it was shown that heat-treat-
ments subsequent to cold forging at temperatures between 300 °C and 600 °C lead to a
decrease of the Bauschinger effect, whereas work-hardening stagnation and permanent
softening decrease only at larger temperatures.






Zusammenfassung

Die Ziele bei der Gestaltung von Umformprozessen gehen léngst tiber die reine Form-
gebung hinaus. Die Vorhersage von Produkteigenschaften wie Eigenspannungen, Sché-
digung und Kaltverfestigung, welche durch die Umformung verdndert werden, hat in
den letzten Jahren zunehmend an Bedeutung gewonnen. Eine aktive Beeinflussung und
Ausnutzung der verdnderten Bauteileigenschaften wiirde die Ressourcen- und Energie-
Effizienz von Kaltumformprozessen sowie die Leistungsfihigkeit der erzeugten Pro-
dukte deutlich steigern. Um diese Anderungen der Eigenschaften mittels Simulationen
vorherzusagen und auszunutzen ist die exakte Einbeziehung des Werkstoffverhaltens
der Werkstiicke wéihrend der Umformung von gréfiter Bedeutung. Das anisotrope Ver-
festigungsverhalten wird im Bereich der Kaltmassivumformung aktuell nur selten be-
riicksichtigt, wodurch eine Vorhersage der Bauteilleistungsfahigkeit nicht moglich ist.

Im Rahmen dieser Arbeit werden typische Werkstoffe der Kaltmassivumformung hin-
sichtlich ihres anisotropen Verfestigungsverhaltens bei groen Umformgraden charak-
terisiert. Durch Zug-, Torsions- und Stauchversuchen an Werkstoffproben, die durch
Voll-Vorwirts-FlieBpressen umgeformt wurden, konnte das anisotrope Verfestigungs-
verhalten unter einer Vielzahl unterschiedlicher Dehnpfade charakterisiert werden. Alle
untersuchten Werkstoffe zeigen dabei einen ausgepriagten Bauschingereffekt, Verfesti-
gungsstagnierung und eine bleibende Entfestigung, welche in der Kaltmassivumfor-
mung bisher nicht berticksichtigt wurden. Samtliche Effekte intensivieren sich drastisch
mit der Vordehnung.

Die experimentellen Daten werden verwendet, um konstitutive Modelle mit zunehmen-
der Komplexitit auszuwahlen, zu modifizieren und anzupassen, mit dem Ziel, alle rele-
vanten Verfestigungsphdnomene zu erfassen. Das Mehrflichenmodell von Yoshida-
Uemori wird genutzt, um die Vorhersagegenauigkeit von Kaltumformsimulationen zu
steigern. Bei Verwendung des Verfestigungsmodells in Simulationen einstufiger Kalt-
umformprozesse wurde gezeigt, dass die FlieBspannung, Eigenspannungen und Aus-
werferkrifte stark von einer Dehnpfadumkehr beeinflusst werden, welche durch kon-
ventionelle isotrope Verfestigungsmodelle nicht abgebildet werden konnen.

Wihrend die Prozesskrifte bei einstufigen Kaltumformverfahren, trotz intrinsischer
Dehnpfadwechsel, kaum von anisotroper Verfestigung beeinflusst werden, fiihrt eine
Dehnpfadumkehr bei mehrstufigen Umformvorgédngen zu einer deutlichen Verringe-
rung der Umformkrifte. Weiterhin wurde gezeigt, dass eine Warmebehandlung in Tem-
peraturbereichen zwischen 300 °C und 600 °C zu einer Verringerung des Bauschinger-
effektes fithrt, wihrend die Verfestigungsstagnation und bleibende Entfestigung erst bei
hoheren Temperaturen abnehmen.
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Symbols

Symbeol Unit Description

A mm? Area

B MPa Radius of bounding surface (Yoshida-Uemori model)

b i Saturated value of kinematic hardening of the bounding surface
(Yoshida-Uemori model)

C MPa Linear hardening factor (Swift-type hardening)

c - Material parameter (Yoshida-Uemori model)

Ciz MPa Kinematic hardening rate (Chaboche model)

dA - Increment of generic variable A

d mm Diameter

D mm Outer diameter

da - Plastic multiplier

E MPa Young’s modulus

eu % Uniform elongation

I - Yield function

F N Force

Fe kN Counter-force (forward extrusion)

F, kN External force considering true strain distribution

Fsm KN External force considering average strain

h - Material parameter (Yoshida-Uemori model)

ho mm Initial height

i - Index (i=1,2,...,n)

I - Unit tensor (2. order tensor)

k MPa Shear flow stress
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Symbol Unit Description

k - Saturation rate of hardening (Voce-type hardening)

k2 - Material parameter (Modified Yoshida-Uemori model)

kuan - Material parameter (HAH-model)

ki - Material parameters (i =1, 2, ..., 5) (HAH-model)

/ mm Contact surface length in forward rod extrusion

m - Strain rate exponent

M Nm Torque

n - Hardening exponent (Swift-type hardening)

p MPa Hydrostatic pressure

P MPa Total pressure in the forming zone (forward extrusion)

De MPa Superposed hydrostatic pressure (forward extrusion)
Correction parameter in the flow stress calculation for torsion of

po i cylindrical specimens

R mm Outer specimen diameter

Rp0.05 MPa 0.05 % proof stress
Rpo.1 MPa 0.1 % proof stress

Rpo2 MPa 0.2 % proof stress

Riat MPa Saturated value of isotropic hardening

q - Material parameter of the HAH-model

r mm Radius

r' - Lankford coefficient

r¥* mm Critical evaluation radius in torsion of cylindrical specimens

Fex mm Tool radius of extrusion dies (forward extrusion)

Rsat MPa Maximum value of saturating component in isotropic hardening

t S Time
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Symbols and abbreviations

Symbol

2o

Vr

Aey,

el

o

Epre
Etens

Ecomp

Unit
°C

mm?

MPa

1/s

%

Description
Temperature
Volume

Weighting factor of saturating and non-saturating isotropic hard-
ening components

x-coordinate in the Cartesian coordinate system
Flow stress (Yoshida-Uemori model)
y-coordinate in the Cartesian coordinate system

z-coordinate in the Cartesian / cylindrical coordinate system

Kinematic back stress tensor (Second order tensor)
Shear angle in torsion of bars

Cone angle of extrusion dies

Shear strain, kinematic hardening rate in the Chaboche model
Twisting angle rate at » = R

Strain inhomogeneity

Relative elongation

Effective strain

Total strain tensor

Effective plastic strain rate

Strain in width direction of a thin specimen

Strain in thickness direction of a thin specimen
Logarithmic extrusion strain (forward rod extrusion)
Pre-strain

True strain in tension

True strain in compression
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Symbol Unit
&m -

€0 -

0 rad
6 rad - 5!
2] -

u -

p kg - m3
o MPa
o MPa
of MPa
Om MPa
c MPa
g/ MPa
T MPa
x -
(A);;

AP -

A' -
Indices

Index

0

1

bc

Description

Area-weighted average strain
Hardening parameter (Swift-type hardening)
Twisting angle in torsion of bars
Twisting rate

Strain path change parameter
Friction coefficient (Coulomb)
Density

Stress

Equivalent stress (von Mises)
Flow stress

Ultimate tensile strength
Cauchy stress tensor (2nd order)
1./2./3. principal stress

Shear stress

Bauschinger coefficient

ij-th component of the tensor A
Hydrostatic part of A

Deviatoric part of A

Description
Initial configuration
Deformed configuration

Backward can extrusion



Xix Symbols and abbreviations
Index Description
C Counter
comp Compression
ex Forward rod extrusion
exp Experiment
hold Holding (annealing)
iso Isotropic
max Maximum
min Minimum
P Punch
P Plastic
pre Pre-strain
sim Simulation
tens Tension
tot Total
+ Under tensile loading
- Under compressive loading
Abbreviations
Abbreviation Description
ASCII American Standard Code for Information Interchange
DIN Deutsches Institut fiir Normung
(German Institute for Standardization)
EN Européische Norm (European Standard)
FEM Finite-Element-Method
ISO International Organization of Standardization
HAH Homogeneous anisotropic hardening model



XX

Abbreviation
MSE

ODB

TEM

UMAT

YU

Description

Mean-Square-Error

Output Database File (Abaqus)
Transmission electron microscopy
User material subroutine (Abaqus)

Yoshida-Uemori model





