
Contents

Contents I

Abbreviations IV

1 Introduction 1
1.1 Motivation .......................................................................................................... 1
1.2 Problem statement............................................................................................ 3
1.3 Research goal.................................................................................................... 4
1.4 Structure of this work......................................................................................... 5

2 Fundamentals 7
2.1 Measurement and quality assurance................................................................ 7

2.1.1 Measurement........................................................................................ 7
2.1.2 Function-oriented measurement......................................................... 7
2.1.3 Production-integrated metrology......................................................... 8
2.1.4 Measurement uncertainty.................................................................... 9
2.1.5 Summary: Function-oriented quality assurance................................ 12

2.2 Fiber-reinforced polymers (FRPs) ................................................................... 13
2.2.1 Definition of FRPs............................................................................... 13
2.2.2 Sheet molding compound (SMC) ...................................................... 14
2.2.3 Hybrid sheet molding compound......................................................... 17
2.2.4 Measurement technologies for FRPs................................................. 20
2.2.5 Mechanics and failure behavior ........................................................... 21
2.2.6 Summary: Properties of hybrid sheet molding compound...............  27

2.3 Finite element (FE) method.............................................................................. 27
2.3.1 Necessity and concept ....................................................................... 28
2.3.2 Element types........................................................................................ 29
2.3.3 Extended finite element analysis (XFEM)............................................. 30
2.3.4 Summary: FE model for hybrid SMC ................................................. 30

3 State of the art 31
3.1 Requirements.................................................................................................... 31
3.2 Literature review of research focus areas........................................................ 32

3.2.1 Measurement technologies for FRPs.................................................. 32
3.2.2 Assessment of manufacturing deviations in FRPs............................... 41
3.2.3 Applications of function-oriented measurements not related to FRPs . 43

http://d-nb.info/1259913929


fl Contents

3.2.4 Surrogate modeling of FE simulations.................................................. 44
3.3 Research deficit.................................................................................................. 47

4 Approach 50

5 Qualification and assessment of measurement technologies 52
5.1 Initial assessment and selection of measurement technologies for CoDiCo- 

SMC .......................................................................................................... 52
5.2 Terahertz spectroscopy for the measurement of glass fiber fraction..............  55

5.2.1 Apparatus and methods......................................................................... 56
5.2.2 Regression model.................................................................................. 59
5.2.3 THz measurement uncertainty.............................................................. 62
5.2.4 Added value of Terahertz measurements............................................. 64
5.2.5 Measures for improved measurement time.......................................... 65

5.3 Industrial image processing (IIP) for the measurement of Co-SMC positioning 73
5.3.1 Apparatus and methods......................................................................... 73
5.3.2 IIP measurement uncertainty................................................................. 75

5.4 Active thermography for the measurement of delaminations......................... 76
5.4.1 Apparatus and methods......................................................................... 76
5.4.2 Measurement uncertainty of pulsed phase thermography.................  79

6 Methodology for in-line measurement propagation 82
6.1 Functional assessment of interacting manufacturing deviations.................... 82

6.1.1 FE model structure.................................................................................. 82
6.1.2 Key metrics for assessment.................................................................... 85
6.1.3 Uncertainty of the FE model ................................................................. 86

6.2 In-line qualification of the functional assessment............................................ 88
6.2.1 Selection of data-driven surrogate models.......................................... 88
6.2.2 Model training.......................................................................................... 89
6.2.3 Model assessment.................................................................................. 91
6.2.4 Uncertainty of the surrogate models...................................................... 92

7 Application of function-oriented measurements for CoDiCo-SMC 95
7.1 Pre-study on tensile specimens......................................................................... 95

7.1.1 Experimental design.............................................................................. 95
7.1.2 General observations............................................................................ 98
7.1.3 FE model ................................................................................................ 101
7.1.4 Assessment of the FE model................................................................. 102
7.1.5 Surrogate model.................................................................................... 107



Contents III

7.1.6 Assessment of surrogate models ....................................................... 108
7.2 Multi-axial stress state in flexural specimens.................................................. 111

7.2.1 Experimental design............................................................................. 111
7.2.2 Measurement procedure ..................................................................... 117
7.2.3 General observations.......................................................................... 118
7.2.4 FE Model .............................................................................................. 121
7.2.5 Assessment of the FE model............................................................... 122
7.2.6 Surrogate model................................................................................... 127
7.2.7 Assessment of surrogate models ....................................................... 127

8 Discussion and outlook 130
8.1 Discussion.......................................................................................................... 130
8.2 Outlook............................................................................................................... 135

9 Conclusion 137

List of own publications 138

References 141

List of figures 162

List of tables 165

Appendix 167
A1 Further equations for DiCo-SMC homogenization............................................ 167
A2 THz measurements results of DiCo-SMC reference specimens...................... 169
A3 Assessment of THz regression model (M2)........................................................ 172
A4 Further uncertainty budgets for PPT of delaminations....................................... 173
A5 List of simulation parameters.............................................................................. 174
A6 Critical energy release rate for DiCo-SMC.......................................................... 177
A7 Convergence study of finite element simulations............................................... 179
A8 Input quantities for surrogate model training ..................................................... 181
A9 Requirements according to VDA 5.1................................................................... 182
A10 Required safety factors using function-oriented measurements...................... 183


