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Abstract 





 Introduction





1.1 Composite Materials 





1.1.1 Materials for Fiber Reinforced Polymers1 

1.1.1.1 The matrix 

Polyester  



Vinyl ester 

Epoxy 

Phenolic  

Thermoplastic  





1.1.1.2 The fibers 

Glass fiber 

Carbon fiber 



Boron fiber 

Aramid fiber 

 



1.1.2 Manufacturing techniques2 



1.1.2.1  Hand lay-up 

1.1.2.2 Vacuum bag 



1.1.2.3 Autoclave 

1.1.2.4 Compression moulding 



1.1.2.5 Bladder moulding 

1.1.2.6 Resin Transfer moulding (RTM) 

1.1.2.7 Vacuum Assisted Resin Transfer Moulding (VARTM) 



1.1.2.8 Pultrusion 

1.1.2.9 Filament winding 



1.2 Additive manufacturing 



1.2.1 History of AM 

1.2.2 AM Principles 



1.2.3 AM Classification 





1.2.3.1 Liquid Polymer 



1.2.3.2 Discrete Particles 

1.2.3.3 Molten Material 





1.2.3.4 Solid Sheet 

1.2.3.5 Hybrid systems 

1.2.3.6 Liquid Deposition Modelling (LDM) 



1.2.3.7 The standards: ASTM F42/ISO TC 261 

• 

• 

• 

• 

• 

• 

• 

 



1.3 When does AM make sense? 

1.3.1 3D Manufacturing space 

Region 1: Mass manufacturing 



Region 2: Manufacturing of the few 

Region 3: Complexity advantage 



Region 4: Mass complexity 

Region 5: Customized for the individual 

Region 6: Mass customisation  



Region 7: Artisan product 

Region 8: Complete manufacturing freedom 



1.3.2 Additive manufacturing and composite materials 



1.3.2.1 Direct composite materials manufacturing 

1.3.2.2 AM for composite tooling 



 



1.4 AM for composite tooling today 

1.4.1 Stratasys 







1.4.2 Oak Ridge National Laboratory 

• 

• 



1.4.3 Thermwood 





1.5 Photopolymers3 

1.5.1 Photopolymer Chemistry 



1.5.1.1 Free-radical photopolymerization 

1.5.1.2 Cationic photopolymerization 



1.5.1.3 Photopolymer-based AM processes 





 Materials and methods 





2.1 Thermoplastic materials 

2.1.1 Carbon fiber filled polyamide  

2.1.2 Polyphenylene sulphide 

2.2 Resin system 

2.2.1 Ethoxilated bisphenol A diacrylate 



2.2.2 Ethyl 2,4,6-trimethylbenzoyl phenylphosphinate 

2.2.3 2-Hydroxy-2-methylpropiophenone 



2.2.4 1,4-butanediol dimethacrylate 

2.2.5 Dicumyl Peroxide 



2.3 Fillers 

2.3.1 Italdry Fil 100 

2.3.2 Owens Corning 737BC 

2.3.3 Rivierasca 

2.3.4 Gamesa 



2.4 Formulations and mixture preparation 

 



2.5 The machines 



2.5.1 3DRag – V1 



2.5.2 3Drag – V2 

2.5.3 Delta 40x70 



2.5.4 Nozzles 



2.6 Characterization techniques 

2.6.1 Gel content 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 [𝑔]

250
· 75 = 𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑚𝑙]



𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%] =
BFSfinal − BF

BFSinitial − BF
· 100

𝑠𝑜𝑙𝑣𝑒𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%] =
𝐹𝑓 − 𝐹𝑖

𝐵𝐶𝐹𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐵𝐶
· 100

2.6.2 Differential Scanning Calorimetry  

2.6.3 Differential Scanning Photocalorimetry 

2.6.4 Thermogravimetric Analysys 



2.6.5 Tensile tests 



2.6.6 DMA/TMA 

𝛼𝑚𝑒𝑎𝑛 =
1

𝐿0

𝛥𝐿

𝛥𝑇

𝛼𝑡𝑎𝑛𝑔𝑒𝑛𝑡 =
1

𝐿0
(

𝑑𝐿

𝑑𝑇
)

𝑇

𝛥𝐿

𝐿0
=

𝐿1 − 𝐿0

𝐿0





2.6.7 FT-IR 

2.6.8 SEM 



2.6.9 OM 

Fiber size extrapolation 

2.7 Vacuum Assisted Hand Lay-up 

2.7.1 Materials 



Epoxy resin 

Carbon fiber cloth 

Gelcoat 

2.7.2 Procedure 





 Results and Discussion 





 



3.1 Particle size distribution 

Italdry Fil 100 
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Owens Corning 737BC 
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Rivierasca 

Gamesa 
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3.2 Fiber volume fraction 

• 

• 



• 

• 

3.3 Mechanical behaviour 

Halpin-Tsai prediction 



𝑃𝑐 = 𝑃𝑚 (
1+𝜁𝜂𝑣𝑓

1−𝜂𝑣𝑓
)

𝜂 =

𝑃𝑓

𝑃𝑚
− 1

𝑃𝑓

𝑃𝑚
+ 𝜁

𝜁 = 2 (
1

𝑑
) + 40𝑣𝑓

10

𝑑



Italdry Fil 100 









Owens Corning 737BC 





Rivierasca 







Gamesa 





 



3.4 Process control 

3.4.1 Gel content 



3.4.2 UV-DSC 

Italdry Fil 100 



Darocur vs. TPO-L 

Rivierasca 





3.4.3 FT-IR 



3.5 Thermal behaviour 



3.5.1 DMA/TMA 

 



3.5.1.1 Thermoplastic samples 

Carbon fiber filled polyamide 

 



Polyphenylene sulphide 

 



Italdry Fil 100 

 



Owens Corning 737BC 

 



Rivierasca 

 



Gamesa 

 



3.5.2 TGA 

Italdry Fil 100 

Rivierasca 





3.5.3 DSC 

Italdry Fil 100 



Rivierasca 





3.6 Print quality 

3.6.1 Formulations 

Italdry Fil 100 

Owens Corning 737 BC 

Rivierasca  



Gamesa 

3.6.2 Machines 







3.6.3 Nozzles 



 Case Study













 Conclusions and Future 

Developments





5.1 Conclusions 

• 



• 

• 

• 

• 

• 

.

5.2 Future Developments 

• 

• 



• 

• 

• 

• 





 Appendix





6.1 Tensile tests: stress-strain charts 

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

0 0,2 0,4 0,6 0,8 1 1,2



0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8



0 0,1 0,2 0,3 0,4 0,5

0 0,1 0,2 0,3 0,4 0,5



0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6



0 0,5 1 1,5 2 2,5 3 3,5

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9



0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

0 0,5 1 1,5 2 2,5 3 3,5



6.2 TGA: glass content of Gamesa recycled material 
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