Contents

1

Introduction 1
L1 Motivation . . .. ... ... ... ... .. 1
1.2 Modeling heterogeneous media across the scales . . . . ... ........ 3
1.2.1 (Semi-)analyticalmethods . . . ... ... .............. 3
1.22 Hybridmethods . .. ......................... 5
1.2.3  Computational methods . . . . . ... ... ... .......... 6
1.3 Outline of the dissertation . . . ... ... .................. 10
Article 1: Two-scale FE-FFT- and phase-field-based computational modeling of
bulk microstructural evolution and macroscopic behavior 13
2.1 Abstract . . ... e 14
2.2 Introduction . . . . ... ... ... 14
2.3 Model framework and basic relations . . . . ... ... ... ... ..... 18
2.3.1 Macroscopic continuum relations . . . . . ... ... ... ... 18
2.3.2  Microscopic unit cell (UC) relations . . . . .. ............ 19
2.4 Algorithmic formulation . . . ... ... .. ... ... ... ......... 20
2.4.1 Unitcellrelations . . ... ... .. ................. 20
2.42 Macroscopicrelations . . . . . ... ... ... 24
2.43 Combined algorithm for a single time SED . 25
244 Rate-dependentbehavior . . . . ... ... ... ... ... .. 26
2.5 Freeenergymodeling . ... ... .. ... .. ... .. ... .. ..., 28
2.5.1 Polygrainmodel . ... ... ..... ... .. .. .. ... 28
2.5.2  Single grain model with two martensite variants . . . . . ... ... 29
2.6 Computational examples . . . . . .. ... ... Lo 31
2.6.1 Material parameter values . . . ... .. FE 31
2.6.2 Selected computational details . . . . ... ... ... ... ... 32
2.6.3 Example: grain inclusion in grainmatrix . . . .. .. .. ... ... 33
2.64 Example: 10grainUC . . ... ... ... ... ........... 37
2.6.5 Polygrain UC in macroscopic continuum . . . . . ... ... . ... 38

Bibliografische Informationen
http://d-nb.info/1192836103 digitalisiert durch B 1



http://d-nb.info/1192836103

Contents

2.7 Summaryanddiscussion . . . ... ... .. Lo Lo

Article 2: Efficient and accurate two-scale FE-FFT-based prediction of the ef-
fective material behavior of elasto-viscoplastic polycrystals

3.1 Abstract . . . ... e

32 Introduction . . . ... ... ..

3.3 Two-scale boundary value problem . . ... ... ... ............

3.3.1 Continuum relations and scale separation . . . .. ..........

3.3.2 Microscopicproblem . ... ... ... L oL

333 Constitutivemodel . . . .. ... .. ... ... ...

3.4 Discrete solution using fast Fourier transforms . . . . . ... ... .....

34.1 Basic fixed-pointscheme . . .....................

3.42 FFT- and Newton-Krylov-based solutionscheme . .. ... ... ..

3.5 Computationalexamples . . . .. ... ... ... ... . .. ...

3.5.1 Single element virtual experiments . . . . ... ... . ...

3.5.2 Convergence analysis of micromechanical fields and effective quanti-

HES . . . e e

3.6 Solutionprocedure . . . ... ... ... .. o oo

3.6.1 Pre-processing . . . . ... i

362 Processing . ... ... e

3.6.3 Post-processing . . ... ... oo

364 Example . ... ... ..

3.7 Structural two-scale simulation . . . . ... ... o Lo L.

3.8 Summary &discussion . . . . ... Lo

Article 3: On the computation of the exact overall consistent tangent moduli for
non-linear finite strain homogenization problems using six finite perturbations
41 ADSIIaCt . . . . . L e e e e e e e
42 Introduction . . . . . . . ... ..
4.3 Two-scale boundary value problem . . ... ... ..............
4.3.1 Macroscopicproblem . . ... ... ... ... ...
4.3.2 Microscopicproblem . ... ...... ... ... .,
433 Scaletransition . . . . .. ... ..o oo e
4.4 Constitutivemodel . . . ... ... Lo o e
4.5 Algorithmic formulations . . . .. ... .. ... .. .. . 0oL
4.5.1 Finite element discretization of macroscopic equations . . . . . ...

45
46
46
49
49
50
51
52
53
53
54
55

58
62
62
62
63
63
65
67



Contents I

45.2 Lippmann-Schwinger equation for finite strains . . . . . ... .. .. 76
4.6 Numericalexamples . . ... ... ... .. ... ... ... ... ... 78
47 Conclusion . . ... ... e 80

5 Article 4: A simple and flexible model order reduction method for FFT-based

homogenization problems using a sparse sampling technique 83

5.1 Abstract . . . . . .. 84
52 Introduction . . . .. . . ... .. 84
5.3 Boundaryvalueproblem . . ... ........... .. .. ... 87
5.3.1 Local field relations & effective UCresponse . . . . . ... ... .. 87

5.3.2 Local constitutivelaw . . . . . . .. ... ... . o 88

5.4 Fourier discretization and spectral solutionscheme . . .. ... ....... 88
5.4.1 Fourier discretization . . . ... ... ... ... ... ... ... 88

5.4.2 Basicfixed-pointscheme . .. ... ... ... .. .. ..., . 89

5.5 Model order reduction technique . . . . . .. ... ... 91
5.5.1 Identification of a reduced set of frequencies %y . .. ... ... .. 91

5.5.2 Reduced computations . . . . . . . .. ..o 93

553 Reconstruction . . . . . .. . ..o i 94

5.6 Numerical examples . . . . . . .. ... 96
5.6.1 Linearcomposite . . . . . . . . ... .. 97

5.6.2 Non-linear composite . . . . .. .. ... ... ... 102

5.7 Conclusion . . . . . . .. e e e e e e 105

6 Summary and outlook 107
List of Figures 113
List of Tables 117

Bibliography 119



