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Overall motivation – Fundamentals of the Study

• Cure-induced shrinkage leads to residual stresses in composite manufacturing.

• This may lead to manufacturing defects such as shorter fatigue life with more aggressive 

cure profiles [1]. 

• At DTU Wind, this approach is applied to determine the characteristics while curing with 

Fibre-Bragg-Gratings.
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[1] - https://orbit.dtu.dk/en/publications/influence-of-curing-cycle-on-the-build-up-of-
residual-stresses-an 

https://orbit.dtu.dk/en/publications/influence-of-curing-cycle-on-the-build-up-of-residual-stresses-an
https://orbit.dtu.dk/en/publications/influence-of-curing-cycle-on-the-build-up-of-residual-stresses-an
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In this Study:

Measuring cure shrinkage through Fibre-Bragg-Gratings in an assumed stress-free state

1. Glass-based FBG (G-FBG) – High stiffness: 

2. Polymer-based FBG (P-FBG) – Low stiffness: 

We will come back to why it is relevant to investigate a P-FBG
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Experimental concept for measuring cure-induced 

strain

[2] - Mikkelsen  et al. (2023) http://doi.org/10.5281/zenodo.7868314 [Pre-print]

Liquid thermoset in a bag = Unconstrained thermoset 

= Free movement while curing.

The thermoset SHOULD be in a stress-free state! 

http://doi.org/10.5281/zenodo.7868314
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Experimental concept for measuring cure-induced 

strain

Thermocouple

Strain - sensor
Silica glass Fibre-Bragg-

Grating Sensor (G-FBG)

Comment

The temperature behaviour of the resin is given by a thermocouple 

monitoring the behaviour inside the resin.  

A strain sensor in the form of an optical silica glass FBG measures the 

load transferred strain during curing. 
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Experimental concept for measuring cure-induced 

strain

Thermocouple

Strain - sensor
Silica glass Fibre-Bragg-

Grating Sensor (G-FBG)
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The Experimental Concept – Starting Point
Comment

The experiment can be illustrated as 

a graph plotting the developing cure, 

temperature and strain as a function 

of time. 

Below is a principle sketch of the 

experiment.
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The Experimental Concept – Liquid Shrinkage
Comment

As the temperature rises in a pre-

cure state, the degree of cure rises 

and the thermoset shrinks in the 

liquid phase. Hence, no strains are 

developing at this point as the 

material cannot transfer load. 
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The Experimental Concept – Shrinkage Solid Phase
Comment

At a point of time, the thermoset is 

able to transfer load to the FBG seen 

as the strains become different from 

0. This point is defined as the load-

transfer point. 

The strain tolerance gives the time 

and the degree of cure at this time. 
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The Experimental Concept – Shrinkage Solid Phase
Comment

As the temperature rises towards the 

post-cure the FBG captures the 

expansion too. 
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The Experimental Concept – Shrinkage Solid Phase
Comment

For the post-cure temperature, the 

strain is observed as a drop in the 

strains due to the contraction as a 

result of the cross-linking.
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The Experimental Concept – Shrinkage Solid Phase

Final cure-induced strain!

Final degree of cure!Comment

After the post-cure, the material is 

cooled down to room temperature 

and the panel contracts a final time.

The final degree of cure is found as 

0.98 and the material is considered 

fully cured. 

The final cure-induced strain is 0.5% 

which is the linear shrinkage and not 

the volumetric shrinkage. 
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Relaxation Measured Through G-FBG
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Stress relaxation

• Reheat of samples

• Samples assumed to 

be fully cured

• Held at a typical post-

cure temperature for 

a typical cure time. 
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Modelling with Digimat and ABAQUS – G-FBG
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Thermo linear elastic (T-LE)

Thermo-viscoelastic (T-VE)

or

[3] - Jørgensen et al. (2023) [Pre-print]

[3]
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Modelling the Experiment – G-FBG
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Comment

The panel in the experiment is a 

panel of around 80 x 100 x 4 mm. 

The G-FBG is placed in the middle of 

the thickness.
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Modelling the Experiment – G-FBG
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Comment

For modelling, it is assumed that it is 

sufficient to model only a rod of the 

panel as the FBG will only see a 

certain amount of material around it. 



DTU Wind ICCM 2023 Belfast

Modelling the Experiment – G-FBG
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Comment

As the model is a cylindrical rod it is enough to consider it as a 2D 

axisymmetrical model.

The strain is computed in the FBG and the resin. The values are 

found far from each other to make sure they do not influence each 

other. The ratio between the two is evaluated. 
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Model Results –  G-FBG
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Comment

The model with the Thermo – 

linear elastic properties shows 

very little deviation between the 

two measured strains.  
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Model Results –  G-FBG
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Stress-relaxation 

in resin at fibre!

Comment

The model with the Thermo – 

linear elastic properties shows 

very little deviation between the 

two measured strains.  

Including thermo-viscoelastic 

gives a much higher deviation of 

around 20%. This shows that 

there is a stress relaxation in the 

thermoset close to the fibre. 
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Introduction to P-FBG
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Polymer-based FBG (P-FBG)

- Material is a Cyclo-Olefin-Polymer – Zeonex® [4]

- Excellent optical properties

- Moduli of  

[2] - Woyessa et al. (2017) http://doi.org/10.1364/ome.7.000286

Comment

Therefore, it makes sense to 

look at a low stiffness FBG like 

the P-FBG. 

http://doi.org/10.1364/ome.7.000286
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Model Results – G-FBG and P-FBG
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Comment

Recalling the results of the 

G-FBG we can compare 

with the results from the P-

FBG. 
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Model Results – G-FBG and P-FBG
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Comment

The thermo linear elastic 

response of the P-FBG 

model shows close to no 

deviation.  
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Model Results – G-FBG and P-FBG
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Comment

Adding the thermo 

viscoelastic properties the 

deviation becomes similar to 

the G-FBG T-LE solution but 

still acceptable. 



DTU Wind ICCM 2023 Belfast

Summary and Ongoing Work

• Currently performing experimental investigations using both G-FBG and P-FBG

• Characterising viscoelastic evolution during curing with DMA at DTU and Rheology at 

National Composites Centre Bristol (NCC).

• Assist the research into cure-induced wrinkles with better knowledge of the thermoset 

behaviour
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Comment

Now that the model has been developed. A validation with experiments is ongoing. 

The work with DMA and rheology is ongoing to understand the viscoelasticity better 

conducted in collaboration between DTU and NCC. 



DTU Wind ICCM 2023 Belfast

Cure-induced Defects - Wrinkles
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Comment

In the end, this research will be used to 

investigate whether wrinkles can appear due to 

temperature gradients causing them to happen 

due to the effects it has on the curing. 
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Cure Characterisation to Achieve Model Inputs
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+

Comment

For further interest in how we characterise curing 

with DSC and make model predictions. 

Join the Risø Symposium in september at DTU Wind 

in Risø, Denmark. 
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Summary and Ongoing Work

• Currently performing experimental investigations using both G-FBG and P-FBG

• Characterising viscoelastic evolution during curing with DMA at DTU and Rheology at 

National Composites Centre Bristol (NCC).

• Assist the research into cure-induced wrinkles with better knowledge of the thermoset 

behaviour
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Extra Slides
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Modelling of the Relaxation Behaviour

32Cole et al. (1991) - https://doi.org/10.1021/ma00011a012 DiBenedetto (1987) - https://doi.org/10.1002/polb.1987.090250914

https://doi.org/10.1021/ma00011a012
https://doi.org/10.1002/polb.1987.090250914
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Modelling of the Relaxation Behaviour
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Modelling of the Relaxation Behaviour
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Modelling the Experiment – Mesh

Elements across FBG radius: 4

More elements in region with measurement strain. 

 

Convergence is evaluated by the strain in the resin and the strain change is 

insiginificant for an element size lower than 0.5 mm.
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Modelling the Experiment – Edge Effects
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Modelling the Experiment – Radius Effects G-FBG 

vs P-FBG
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