
Table of Contents

Kurzfassung V

Abstract VII

List of Abbreviations XI

List of Symbols XIII

1 Introduction 1
1.1 Motivation and problem statement . . . . . . . . . . . . . . . . 1
1.2 Objective and approach . . . . . . . . . . . . . . . . . . . . . 2

2 State of the art in research and industry 3
2.1 Principles of the pultrusion process . . . . . . . . . . . . . . . . 3

2.1.1 Processed materials . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Products and applications . . . . . . . . . . . . . . . . . 7

2.2 Pultrusion process models . . . . . . . . . . . . . . . . . . . . . 9
2.2.1 Heat transfer and cure models . . . . . . . . . . . . . . . 9
2.2.2 Holistic process models . . . . . . . . . . . . . . . . . . 10
2.2.3 Process control models . . . . . . . . . . . . . . . . . . . 10

2.3 Part quality, process monitoring and quality assurance . . . . . . 11
2.3.1 Criteria for part quality and process stability . . . . . . . . 11
2.3.2 Means for process monitoring and inline quality assurance 14

2.4 Process control . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.1 Process control variables . . . . . . . . . . . . . . . . . . 16
2.4.2 Quality related process correlations . . . . . . . . . . . . 17
2.4.3 Transient process interactions and startup control strategies 21
2.4.4 Model based process optimization . . . . . . . . . . . . . 22
2.4.5 Quality oriented control approaches . . . . . . . . . . . 23

2.5 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . 24

3 Data driven and multidisciplinary process analysis approach 27
3.1 System analysis of the pultrusion process . . . . . . . . . . . . . 27

IX



3.1.1 Process conditions in pultrusion . . . . . . . . . . . . . . 28
3.1.2 Mechanisms of adverse resin film build-up in transient pro-

cess states . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Simulation supported, experimental process analysis . . . . . . . 32
3.3 Control approach for the steady-state process condition . . . . . 33
3.4 Control approach for transient process states . . . . . . . . . . . 34

4 Material characterisation and modelling 37
4.1 Material analysis methods . . . . . . . . . . . . . . . . . . . . . 38

4.1.1 Differential scanning calorimetry (DSC) . . . . . . . . . . 38
4.1.2 Laser flash analysis (LFA) . . . . . . . . . . . . . . . . . . 38
4.1.3 Rheometer . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2 Epoxy resin . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2.1 Cure kinetics . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2.2 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2.3 Specific heat capacity and thermal conductivity . . . . . . 44
4.2.4 Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3 Fiber reinforcement . . . . . . . . . . . . . . . . . . . . . . . . 49
4.4 Composite material . . . . . . . . . . . . . . . . . . . . . . . . 49

5 Process model and numerical implementation 53
5.1 Physical and mathematical assumptions . . . . . . . . . . . . . 53
5.2 Thermo-chemical process model . . . . . . . . . . . . . . . . . 53
5.3 Numerical approach and software code implementation . . . . . 54
5.4 Temperature- and process-control algorithms . . . . . . . . . . 57

6 Experiments and simulation 63
6.1 Inline sensor technology and data acquisition . . . . . . . . . . 64

6.1.1 Die-cavity pressure sensors . . . . . . . . . . . . . . . . 65
6.1.2 Ultrasonic sensor and signal processing . . . . . . . . . . 65
6.1.3 Laser profile scanner and surface quality quantification . . 67
6.1.4 Temperature measurement . . . . . . . . . . . . . . . . . 69
6.1.5 Pull force measurement . . . . . . . . . . . . . . . . . . 69
6.1.6 Odometer and distance measurement . . . . . . . . . . . 69
6.1.7 Offline void content analysis . . . . . . . . . . . . . . . . 69
6.1.8 Image based material analysis . . . . . . . . . . . . . . . 69

6.2 Simulation model and model validation . . . . . . . . . . . . . 70
6.3 Design of experiments and simulations . . . . . . . . . . . . . . 71

6.3.1 Process variable categories and data overview . . . . . . 73
6.3.2 Investigation of steady process states . . . . . . . . . . . 73
6.3.3 Investigation of the transient process startup . . . . . . . . 75

X



7 Results and data analysis 83
7.1 Processing and correlation of steady-state data . . . . . . . . . . 83

7.1.1 Non-linear process relationships and stability threshold . . 83
7.1.2 Quality related correlation analysis . . . . . . . . . . . . 84

7.2 Analysis of transient simulation data . . . . . . . . . . . . . . . 96
7.2.1 Influence of die design . . . . . . . . . . . . . . . . . . . 97
7.2.2 Influence of startup method . . . . . . . . . . . . . . . . 98
7.2.3 Influence of process parameters . . . . . . . . . . . . . . 101
7.2.4 Comparison of practical startup scenarios . . . . . . . . . 103

7.3 Discussion of the results in context of process control . . . . . . . 104
7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

8 Summary and outlook 109

List of Figures 131

List of Tables 135

Publications 137

A Material characterisation 139

B Experiments and simulation 141

C Results and data analysis 143

XI


