
Contents

Contents xiii

List of Figures xvii

List of Tables xxiii

1 Introduction 1
1.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Complexity of the mechanical behaviour of closed cell metallic foam . . . . 2
1.3 Manufacturing roots of closed cell metallic foams . . . . . . . . . . . . . . 3
1.4 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 State-of-the-art and numerical tools 9
2.1 Models of closed cell foams . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Stretching vs. bending dominated mechanism . . . . . . . . . . . . 10
2.1.2 Closed cell foams modelling approaches on different scales . . . . . 10

2.2 Microstructural geometry generation methods . . . . . . . . . . . . . . . . 11
2.2.1 Image based models . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Space filling polyhedron models . . . . . . . . . . . . . . . . . . . 12
2.2.3 Tessellation based models . . . . . . . . . . . . . . . . . . . . . . 13
2.2.4 Choice of method . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Numerical tools–basis of the developments . . . . . . . . . . . . . . . . . . 16
2.3.1 Geometry representation . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Manipulation of level set functions . . . . . . . . . . . . . . . . . . 19
2.3.3 Transformation between implicit and explicit geometries . . . . . . 20

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3 Multiscale 3D computational modelling of closed cell metallic foams 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2 Microstructural features of closed cell metallic foams relevant to their me-

chanical behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.1 Cell size / cell size distribution . . . . . . . . . . . . . . . . . . . . 29
3.2.2 Cell wall thickness / volume fraction . . . . . . . . . . . . . . . . . 29
3.2.3 Cell wall curvature . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.4 Number of faces per cell / edges per face . . . . . . . . . . . . . . . 29

xiii



xiv Contents

3.2.5 Clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.6 Imperfections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 RVE generation for closed cell foams . . . . . . . . . . . . . . . . . . . . . 31
3.3.1 Random close packing algorithm . . . . . . . . . . . . . . . . . . . 32
3.3.2 Distance field-based shape tessellation (Morphing) . . . . . . . . . 33
3.3.3 Control on the morphological indicators . . . . . . . . . . . . . . . 34

3.4 Automated finite element mesh generation . . . . . . . . . . . . . . . . . . 40
3.4.1 General framework . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.2 Closed cell foam RVE meshing . . . . . . . . . . . . . . . . . . . . 41

3.5 FE Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.6 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.6.1 Validation of Young’s modulus and plateau stress . . . . . . . . . . 45
3.6.2 Geometry generation reliability . . . . . . . . . . . . . . . . . . . . 46
3.6.3 Mechanical response for increasingly detailed microstructures . . . 47
3.6.4 Failure and deformation mechanism . . . . . . . . . . . . . . . . . 48
3.6.5 Mesh convergence . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4 Efficient shell-based computational modelling of closed cell metallic foams 57
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2 Morphologically sound shell finite element modelling of closed cell metallic

foams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.1 3D implicit geometry generation for closed cell metallic foam RVE 60
4.2.2 Surface (shell) finite elements mesh construction . . . . . . . . . . 64

4.3 Finite element modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.4 Effect of morphological features on the mechanical response . . . . . . . . 78
4.5 Simulation of a compression up to densification using a shell-based model . 83

4.5.1 Assessment of the stretch or bending dominated nature of the structure 88
4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Image-based computational modelling of closed cell metallic foams 93
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2.1 ALCORAS foam and sample preparation . . . . . . . . . . . . . . 95
5.2.2 Preliminary compression tests without CT scan . . . . . . . . . . . 96
5.2.3 Compression test with in-situ CT scan . . . . . . . . . . . . . . . . 97

5.3 Automatic CT based shell modelling . . . . . . . . . . . . . . . . . . . . . 98
5.3.1 Micro CT scan post-processing and segmentation . . . . . . . . . . 99
5.3.2 3D implicit geometry generation for closed cell metallic foam . . . 100
5.3.3 Morphologically sound shell model from the 3D implicit foam ge-

ometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.3.4 Microstructural characterization of the chosen D20 ALCORAS sample 103

5.4 Shell finite element modelling . . . . . . . . . . . . . . . . . . . . . . . . 108
5.4.1 Constitutive model . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.5 Experimental-numerical results and discussion . . . . . . . . . . . . . . . . 110



Contents xv

5.5.1 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.5.2 Compression of experiment and finite element simulation . . . . . . 111
5.5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6 Conclusion & Outlook 125
6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1.1 Implicitly defined closed cell foam microstructural geometry . . . . 126
6.1.2 The finite element discretization (meshing) tools . . . . . . . . . . 128
6.1.3 Mechanical simulations . . . . . . . . . . . . . . . . . . . . . . . . 129

6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Bibliography 133


