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ABSTRACT

Forming limit curves (FLC) play a major role in sheet metal forming
processes. They identify the limit strains for biaxially stretched sheets. Several
attempts have been made in order to predict FLC theoretically. Still a totally '
satisfactory agreement with the experimental results has not yet been totally
achieved.

The objective of this work is to establish a kinematic-hardening model to
predict forming limit curves for voided sheet metals. The model is based on
combining three basic yield criteria of the theory of plasticity, namely: von-Mises
criterion for a void-free matrix material, Gurson-Tvergaard criterion for voided
solids and kinematic-hardening rule due to Prager-Ziegler. A unified complete
description of plasticity constitutive laws are deri\}ed, e.g. yield function, flow rule
and void growth laws.

A compute;' program is developed to use a mathematical model containing
all the parameters involved in the process of biaxial stretching of sheet metals. The
model has been then applied to investigate the influence of various material
parameters such as, strain-hardening exponent “n”, strain-rate sensitivity “m”,
‘average anisotropic coefficient “T”, the initial void volume fraction “Cy,” and the
initial sheet imperfecﬁdn “f” on the prediction of limit strains and the FLC.

Comparisons between theoretical predictions and experimental FLC show
that reasonable agreements among the ones usingapresent formulation and the
experiments are realized. This was done by using the kinematic-hardening model -
coupled with realistic material data extracted from literature for various metallic
alloys; steels, aluminums, brasses and coppers. |

Finally an investigation for forming limit curves for non-linéar or complex
strain paths has been made. The predictéd results show improved agreement with

experiments.

ii






TABLE OF CONTENTS

ACKNOWLEDGMENTS
ABSTRACT *
TABLE OF CONTENTS
LIST OF FIGURES

LIST OF TABLES
NOMENCLATURE

CHAPTERI: Introduction and Literature Survey

1.1 Formability and Limit Strains v
1.2 Determination of Forming Limit Diagrams
1.2.1 Experimental FLD
1.2.2 Theoretical FLD |
1.3 Voids and Void Growth in Sheet Metals
1.4 Modeling of Void Growth
1.5 FLD with Non-Linear Strain Paths
1.6 Kinerﬁatic—Hardening and Prediction of Limit Strains
1.7 Scope of Work

CHAPTER II:i Theoretical Framework

2.1 Isotropic-Hardening
2.2 Kinematic Hardening
2.2.1 Uniaxial .Béhavior under Cyclic Loading
2.2.2 Triaxial Behavior
2.2.3 Translation Rule
2.2.4 Flow Rule
225 Determination of Parameter “c”
2.3 Yield Function for Isotropically Hardened Voided
Material

iii

ii
il

vi

O Wow N

14
15
16

18
19
19
22
23
25
26

27



2.3.1 Gurson’s Yield Function

2.3.2 Modifications on Gurson’s Yield Function
2.4 Yield Function for Kinematically Hardened Voided

Material o ’

2.4.1 Translation Rule

2.4.2 Flow Rule |

2.4.3 Incremental Change of Void Volume Fraction

2.4.4 Introducing Anisotropy into the Yield Function

CHAPTER II: Prediction of Forming Limit Diagram

3.1 Modeling and Calculation Procedure

3.2 Effect of Material Parameters on Prediction of FLD
3.2.1 Effect of Strain Hardening Exponent “n”
3.2.2 Effect of Initial Thickness Inhomogeneity “f,”
3.2.3 Effect of Initial Void Volume Fraction “Cyvo’
3.2.4 Effect of Tvergaard’s Parameter “qr”’
3.2.5 Effect of Normal Anisotropy “T ”
3.2.6 Effect of Strain Rate Sensitivity Factor “m”

3.3 Comparison Between Original and Simplified Gurson-
Tvergaard K-H Yield Function

3.4 Comparison With Needleman’s I-H Formulation

3.5 Comparison With Tvergaard’s K-H Formulation

3.6 Comparison With Mear-Hutchinson’s K-H Formulation

3.7 Prediction of Two-Stages Strain Path

CHAPTER IV: Comparisons with Experimental Results
4.1 Determination of Initial Void Volume Fraction “Cy,”
4.2 Determination of the Parameter “gr”,

4.3 Comparisons with experiments for various sheet metals

4.3.1 Comparisons of FLD’s for Steels

iv

28
28

29
30
31
31
32

36
41

41
42
42
43
43
45

46
48
50

52

57
59
62
63



