
Contents

1 Introduction 1
1.1 M o tiv a tio n ................................................................................................................  1
1.2 Structure of the W o r k ............................................................................................ 2

2 Fundamentals and State of the Art 5
2.1 Laser Beam Welding of Aluminum and C o p p e r...............................................  5

2.1.1 Fundamentals of Laser Beam W eld ing................................................... 5
2.1.2 Challenges in Laser Beam Welding of Aluminum and Copper . . . .  6
2.1.3 Characteristics of Aluminum-Copper J o in ts ......................................... 7

2.2 Computational Thermo-Mechanics of Laser Beam W e ld ing ...........................  10
2.2.1 Basic Concept of Laser Beam Welding S im u la t io n ...........................  10
2.2.2 Finite Element Based Thermo-Mechanical Simulation ....................  11
2.2.3 Heat Source M od e lin g ..............................................................................  19

2.3 Summary of the State of A rt .............................................................................. 20

3 Objective and Scope of the Thesis 23
3.1 Research Need for Welding Simulation of Aluminum-Copper Joints . . . .  23
3.2 Material Modeling Approach for Laser Beam Welding .................................. 24

3.2.1 Computation of Welding Distortions and Residual Stresses.............. 24
3.2.2 Implemented Material Behavior for Aluminum and C o p p e r.............. 26

3.3 Novel Approaches for Aluminum-Copper Laser Beam Welding Simulation . 30
3.3.1 Heat Source Modeling for A lum inum -C opper.....................................  30
3.3.2 Generic Material Modeling A p p ro a c h ...................................................  37
3.3.3 Microstructural Based Approach.............................................................  40

4 Validation of Base Material Models 49
4.1 Experimental Setup ...............................................................................................  49
4.2 Characterization of Base Materials .................................................................... 51

4.2.1 Properties of Base M ateria ls.................................................................... 51
4.2.2 Metallographie Inves tiga tions ................................................................  53
4.2.3 Hardness Measurements........................................................................... 54
4.2.4 Residual Stress Measurement based on X-ray D iffra c tio n .................  55

4.3 Finite Element Analyzes of Base M a te r ia ls ......................................................  58
4.3.1 Verification of Material M o d e l................................................................  58
4.3.2 Finite Element Plate Model of Welding Process.................................. 59
4.3.3 Heat Source Model C alibrations.............................................................  60
4.3.4 Mesh Convergence S t u d y .......................................................................  62

http://d-nb.info/1165247046


4.4 Comparison of Experimental and Numerical Results......................................... 64
4.4.1 Comparison o f Residual Stresses..............................................................  64
4.4.2 Comparison of Welding D is to r tio n s .......................................................  66

4.5 Summary and Conclusions of Validation P ro c e s s ............................................  67

5 Numerical Analyzes of Laser Beam Welded Aluminum-Copper Joints 69
5.1 Setup of Aluminum-Copper Welding Experiments............................................  69
5.2 Finite Element Model of Aluminum-Copper Lap J o in ts .................................. 71
5.3 Temperature Field Analyzes of Aluminum-Copper............................................  72

5.3.1 Applied Heat Source M odels............................................  73
5.3.2 Nonlinear Optimization for Heat Source Calibration .......................... 73
5.3.3 Results of Temperature Field S im ula tions............................................. 75

5.4 Results of Generic Material Model A p p ro a c h ................................................... 78
5.4.1 Sensitivity Study for Generic Material M o d e l.....................................  81
5.4.2 Comparison o f Welding Distortions for Lap Joints ...........................  81

5.5 Microstructural Simulation of Aluminum-Copper Fusion Z o n e ....................  83
5.5.1 Experimental Characterization o f M ic ro s tru c tu re ............................... 83
5.5.2 Reconstruction of Representative Volume Elements...........................  87
5.5.3 Verification of Representative Volume Elements.................................. 90
5.5.4 Determination of Representative Volume Element S iz e ....................  92
5.5.5 Sensitivity Studies for Microstructural M odels.....................................  94
5.5.6 Effective Material Properties for Welding S im u la tio n ........................ 99

5.6 Summary and Conclusions of Aluminum-Copper Numerical Analyzes . . . .  104

6 Summary and Outlook 107

Bibliography 109

List of Publications 121

Appendix A -l
A Mathematical Details ...............................................................................................A - l

A . l Index Notation and Summation Convention.............................................A - l
A . 2 Basic Introduction to Tensor Analysis and Further Notations . . . .  B-2

B Constitutive and Governing Equations o f E la s to -P la s tic ity ...............................B-3
B. l  Decomposition o f Stresses and S t r a in s ...............................................B-3
B.2 Yield Surface and Flow R u le ........................................................................B-4
B.3 Hardening Laws and Evolution Equations o f Elasto-Plasticity . . . .  B-7
B. 4 Introduction to Nonlinear Finite Element M e thod ............................B-10

C Introduction to Multi Dimensional Optimization M e th o d s .............................C-12
C. l  Method of Feasible Directions (M F D ) ................................................ C-13
C.2 Sequential Quadratic Programing ( S Q P ) ..............................................C-14
C. 3 Genetic Algorithms (GA) .................................................................... C-16

D Additional Investigations of Welding Distortion Measurements..................... D-18
D . l  Qualification of Displacement T ransducers ......................................D-18
D.2 Verification of Experimental Welding D is to rtio n s ................................ D-21



E Additional Investigations of Residual Stresses...................................................... E-25
E l  Further Evaluations o f Residual Stress Measurements........................... E-25
E. 2 Numerical Studies on Residual S tre s s ...................................................... E-26

F Welding Simulation of Thin Plates ....................................................................... F-27
F. l  Experimental Setup for Aluminum Laser Beam W e ld in g .................F-28
F.2 Finite-Element M o d e l..................................................................................F-28
F. 3 Comparison of Experimental and Numerical Results ........................... F-29

G Investigations on Single-Phase Bulk Intermetallic S a m p le s ................................G-33
G. l  Generation of Intermetallic Phase Specim ens........................................ G-33
G.2 Experimental Setup and Results of Bending T e s t in g ...........................G-34


