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Disclaimer  

Both D2.3 and D2.4 are to be seen in close relation to each other describing the 

experiments that have been conducted on the carbon-fibre thermoplastic composite 

parts. Both reports form the basis of the thesis of ESR6 on the novel manufacturing 

solution of wind turbine blades and automation.  

This deliverable report, D2.3, is reflected in the journal publication (Appendix) entitled: 

The role of melting on intimate contact development in laser-assisted tape 

placement of carbon fibre reinforced thermoplastic composites. 

Deliverable D2.4: Testing of large scale carbon fibre structures, is respectively reflected in 

the scientific publication entitled: The role of Ply orientation on the Resin flow under 

compaction in thermoplastic composites (Appendix of D2.4). 
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1. Introduction 
1.1. Context and background of the research question 

Off shore floating wind energy has the potential to unlock green energy production for all costal countries in the European 

Union. Such technology makes use of floating wind turbines that can be deployed in deep waters, anchored to the sea bed by 

means of mooring lines. Compared to land based, i.e. on shore, wind farms, the levelized cost of energy are significantly higher 

for off shore farms, as the deployment, maintenance and decommissioning are more challenging. Thus, it is paramount to 

improve the productivity of off shore wind farms. Besides wind farm optimisation, increasing the rotor diameter of the wind 

turbines improves power output of the turbines. Hence, more power can be obtained from the same number of turbines, or less 

turbines are required to provide a certain power. This has led to an increase in the rotor dimensions over the recent years, 

resulting in wind turbine blades of above 100 meters long. To achieve such dimensions while maintaining the structural integrity, 

the thickness of the load bearing components in the turbine blades must be increased. Consequently, the lengthening of the 

blades results in an increase in their weight not only because of the extra length, but also because of the needed extra 

reinforcement. The weight increase is of major significance for any structure, even more a floating one, as it would negatively 

impact the design of the foundation plus the transportation, installation and decommissioning of the turbines and farms. Thus, 

reducing the weight while maintaining their mechanical performance is an important challenge for large blades.  

An already adopted solution is to manufacture the blades with fibre reinforced composites. These materials consist of 

continuous fibres embedded in a polymer matrix. The fibres are the main load bearing components in the material, while the 

polymeric matrix holds the fibres together, transfers the loads between the fibres and bears the shear and out-of-plane loads. 

These composites have high specific mechanical properties, which means that their mechanical performance is high compared 

to their low density. Traditionally, wind blades have made use of glass fibre composites. And, although such fibres do allow to 

build large blades, their relatively low stiffness under tension imposes the need to significantly increase the thickness of the load 

bearing components in the blade, such as the spar caps. Alternatively, carbon fibre composites can be used to mitigate the 

weight increase due to the lack of stiffness of the glass fibres. Carbon fibres are significantly stiffer and even have a lower 

density. This leads to lighter blades than still can meet the performance requirements.  

However, carbon fibre composites have their own drawbacks. Performance wise, it is acknowledged that their compressive 

behaviour can be poorer than that of glass fibre composites. This is due to the presence of instabilities at the microscale, 

caused by fibre misalignment, that leads to micro-buckling and the failure of the composite when loaded in compression. This 

can lower the compressive strength of the carbon fibre composites below the glass fibre ones. To mitigate such phenomena, a 

precise and accurate alignment of the fibre with the load direction is required. This is especially important in large blades. For 

instance, a misalignment of 0.5° in the fibre angle along a 100 m blade would cause a fibre deviation of 0.9 m; if the 

misalignment were 1°, the deviation would be of 1.7 m. Such potential misalignments imply that the blade would need to be 

designed with increased safety factors, which, in turn, would result in a further increase in the thickness of the parts. Thus, 

achieving a robust, precise and accurate fibre alignment is crucial to guarantee that the performance of the material is maximize 

and the weight of the structure is minimised.  

In the light of the aforementioned points, an additive manufacturing technology is studied for the manufacturing of wind turbine 

blade spar caps. The automated fibre placement (AFP) technology is currently used in aerospace to manufacture carbon fibre 

composite structures. The composite material for the AFP comes in the form of tapes with continuous unidirectional fibres 

embedded in the polymer. These tapes are laid up one on top of, and next to, each other until the part is finished. As a 

computer numerical control machine, AFP is capable of placing tapes with high precision over the required distances, ensuring 

an adequate fibre alignment. In addition, it can do so following multi-angular layups, which can accommodate more complex 
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part designs, targeted to minimise weight and reduce scrap material. An AFP consists of two main elements, the heating source 

and the compaction roller. The heating source provides the energy required to bring the material to its optimal processing 

temperature. The compaction roller applies pressure to the heated material so that a well consolidated part, with no gaps or 

voids inside, is produced. Several parameters are of interest in AFP manufacturing, such as processing temperature, 

compaction force or placement speed. 

Furthermore, AFP has the potential to produce the parts in a single step, without further postprocessing, when combined with 

carbon fibre reinforced thermoplastic composites. This is due to the so called in-situ consolidation capabilities of these 

thermoplastic matrices. Thermoplastic polymers are viscoelastic materials that consist of long, linear polymer chains. These 

chains are held together by entanglements, which are topological constraints that prevent them from flowing. These 

entanglements are reversible, weak interactions, which formation depends on temperature. Below a certain temperature, called 

the glass transition temperature, the entanglements are stable and the material has a more elastic-like behaviour, it cannot 

easily flow. Above such temperatures, the entanglements disappear and the material becomes more viscous, easing its 

flowability under pressure, and can be processed. Two types of thermoplastics can be identified based on the microstructure 

below the glass transition temperature. If the polymer chains remain entangled in a random configuration, forming an 

amorphous bulk, the thermoplastics are classified as amorphous. On the contrary, if part of the polymer chains can find a 

structured alignment and rearrange themselves into crystalline regions, the thermoplastic is called semicrystalline. In the later, 

the polymer microstructure then consists of amorphous and crystalline regions. The crystalline regions are significantly more 

stable to temperature than the amorphous ones and, as such, display their own behaviour with it. The melting point, which is 

higher than the glass transition temperature, is the temperature above which the crystals melt and a fully molten polymer is 

achieved. The region between the melting point and the glass transition temperature is where crystallisation occurs. The 

crystalline regions confer the thermoplastic and the composite mechanical and chemical properties that are of major interest for 

composite structures. Hence, only semicrystalline polymers are discussed below.  

To achieve in-situ consolidation in AFP, two phenomena shall occur during compaction. First, the polymer matrix from the tape 

and the substrate must be brought together, into intimate contact, as it is called. Only then, the interdiffusion between the 

polymer chains across the interface can occur and the bulk properties restored. Unfortunately, in-situ consolidation only takes 

place when operating the AFP at very low rates, which are of no use for the wind energy industry. It has been estimated that 

intimate contact development is the rate controlling step in in-situ consolidation. This is due to the low viscosity of the 

thermoplastic matrices and low permeability of the fibre bed. The permeability of the fibre bed is a function of the fibre diameter 

and the fibre volume fraction (FVF) of the composite. The small fibre diameter of carbon fibre, of approximately 7 μm, and 

relatively high FVF of structural composites, between 55% and 60%, significantly hinder the flow ability of the material. 

However, these constrains are necessary to ensure the mechanical performance of the composite parts. Thus, it is the viscosity 

of the polymer what can be further considered to improve the intimate contact development in AFP.  

The viscosity of a material refers to its ease to flow under shear stresses. As semi-crystalline thermoplastic polymers are made 

of long, entangled polymer chains, which are partially crystallised; their flowability is highly dependent on the length of these 

chains, i.e. polymer molecular weight, and the stability of these entanglements and crystals. A higher molecular weight usually 

delivers higher mechanical properties and lower viscosity, while a lower molecular weight polymer does the opposite. A 

compromise between mechanical performance and processability must be achieved when choosing the right polymer molecular 

weight for the intended application. For a given polymer molecular weight, it is both the temperature and the degree of 

crystallinity which has the greatest impact on viscosity for a semicrystalline thermoplastic. The role of processing temperature 

on intimate contact development has been extensively studied in literature, typically in combination with compaction pressure 

and placement speed. However, the role of crystallinity on intimate contact development has not been explored. 
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It is well known that crystallinity has a major impact on the viscosity. The presence of crystals increases the viscosity of the 

system to that of an elastic solid, hindering any flow. Crystallisation and melting refer to the formation and destruction of the 

crystals, respectively. These phenomena are mainly controlled by temperature, the temperature’s rate of change and the 

reinforcement. In crystallisation, upon cooling down below the melting temperature and above the glass transition temperature 

of the polymer, crystallisation will start at a rate that is controlled by the mobility of the polymer chains which, in turn, is a 

function of temperature. At temperatures close the melting point, the crystallisation is very slow as the polymer chains have an 

elevated kinetic energy and is not favourable to arrange themselves into crystals. At temperatures close the glass transition 

temperature, the chains do not have enough kinetic energy, which prevents the necessary molecular movements to form the 

now more favourable crystals. A crystallisation optimum is found between these two temperatures. In turn, slower cooling and 

heating rates allow more time for crystallisation, enhancing it; while sufficiently high heating and cooling rates would hinder it. 

The role of the reinforcement in the crystallisation is complex and out of the scope of this thesis, therefore it will not be 

discussed further. 

As AFP imposes complex temperature profiles during manufacturing, the formation and disappearance of the crystallinity in the 

composite could have a significant impact on its flowability and therefore in the intimate contact development. Thus, 

characterising the evolution of crystallinity throughout the AFP process is crucial to gain a deeper understanding of the 

technology and allow further optimisation towards achieving in-situ consolidation of composite parts. 

1.2. Scope and outline of the thesis 

In this thesis, it is chosen to explore the role that the phase transition kinetics of the thermoplastic matrix have on the intimate 

contact development of carbon fibre (CF) reinforced polyphenylene sulphide (PPS) composites (CF/PPS), manufactured by 

means of laser-assisted automated fibre placement. 

In Chapter 2, the melting kinetics of PPS and CF/PPS are studied by means of fast scanning calorimetry (FSC). The 

phenomena of interest are: (1) the change in melting temperature of isothermal and non-isothermal crystals with the heating 

rate; (2) the effect of temperature and time on the melt memory effect; and (3) the effect that the fibre reinforcement may have 

on the melting kinetics of the matrix. A melting kinetics model will be derived from the experimental data for both materials. The 

melting models will be incorporated into a melting and crystallisation model in Chapter 4. 

In Chapter 3, the non-isothermal crystallisation kinetics of PPS and CF/PPS are studied by FSC and differential scanning 

calorimetry (DSC). The combination of both techniques allows to analyse the crystallisation kinetics in a wide range of heating 

and cooling rates. This will improve the representativity of the experimental data towards developing a crystallisation model at 

both rapid and slow cooling and heating rates. Both, melt and cold crystallisation are studied, to account for the effect of 

nucleation on the crystallisation kinetics. A parallel Velisaris-Seferis model is chosen to represent such phenomena, as it 

accounts for the simultaneous development of primary and secondary crystallisation of PPS. The crystallisation kinetics models 

will be incorporated into a melting and crystallisation kinetics model in Chapter 4. 

In Chapter 4, the melting kinetics model (Chapter 2) and the crystallisation kinetics model Chapter 3) are combined into a 

holistic phase transition kinetics model for PPS and CF/PPS. The CF/PPS model is validated against experiments using a static 

laser and laser assisted tape placement equipment. Validation of the PPS model is not possible by means of laser heating, as 

PPS is transparent to the infrared laser available at our facilities. 

In Chapter 5, the developed phase transition kinetics model is used to evaluate the influence of such kinetics on the intimate 

contact development of the thermoplastic composites . The temperature region of interest lays between the glass transition and 
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the melting point of the composite. An LAFP with a self-heated tool are used to generate the samples. Different heating and 

cooling rates, as well as processing temperatures and placement speeds, will be impose to the material. The crystallisation and 

melting upon heating and cooling will be modelled using the phase transition kinetics model described in Chapter 4. Such 

kinetics will be studied against the intimate contact developed in the placement process. The final degree of crystallinity is also 

measured by DSC and compared to the predicted value from the model, as a validation step. Surface and cross-sectional 

microscopy are used to characterise the degree of intimate contact. 

1.3. STEP4WIND deliverables related to the thesis 

In light of these trends and developments, this thesis is reflected in two deliverable reports, which respectively are being 

addressed in two scientific publications. These reports focus on the same topic and address the same matters as initially 

thought, however the structured process steps, thus writing process, vary from the initial defined structure. 

- D2.3 Automated process and characterisation of the laminates (addressed in this document); 

- D2.4 Testing of large scale carbon fibre structures. 

 

2. Automated process and characterisation of the laminates 
2.1. Abstract 

Autoamted fibre placement is a transient fast process which involves rapid heating of the composites. Such rapid heating can 

reach just a few milliseconds as the placement speeds increase. In those conditions, it is important to characterise the 

temperature profile of the composite, as the melting and crystallisation are dependent on the maximum temperature and the 

rate of heating, as discussed in the Introduction. However, the experimental characterisation of the thermal history of the 

composite during AFP is rather challenging. The rapid heating rates and the physical constraints of the AFP setup itself only 

allow to capture partial thermal information. Hence, thermal simulations are crucial to further understanding the heating stage in 

AFP. In this work, a thermal model is developed for the heating phase of AFP for CF/PPS. Several placement speeds and 

heating powers are evaluated. As well, different thermal conductivity models are tested. The results show that higher placement 

speeds result in (1) discrepancies between different thermal conductivity models and (2) significant temperature gradients in the 

through-thickness direction of the composite.  

The full conference paper can be found in the Appendix. 

2.2. Objectives 

This report studies the temperature history of the composite material during the heating phase of automated fibre placement by 

means of numerical simulations. The main objective are: 

 To develop a thermal model to analyse the temperature distribution during the heating phase in automated fibre 

placement of carbon fibre reinforced polyphenylene sulphide composites. 

 To simulate the impact that different heating powers, placement speeds and the thermal conductivity models have on 

the temperature profile of the composite during manufacturing. 

 To highlight the relationship between the processing parameters and the modelling parameters on the model output. 

As well as the implications that the different processing parameters can have on the processability of the composites. 
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2.3. Conclusions 

This work studied the modelling aspects of the heating phase during automated fibre placement, analysing the impact that 

material and process definition have on the numerical simulations. The results were then correlated to the processability of the 

material under different manufacturing conditions. 

 The increasing placement speeds can generate significant thermal gradients in the composite tapes during 

manufacturing. These were found for all tested thermal conductivity models. 

 The modelling of these gradients can be influenced by the thermal conductivity model chosen for the material. At low 

placement speeds, all models predict similar temperature distributions within the composite. To the contrary, at higher 

placement speeds, significant discrepancies arise between the different thermal conductivity models. Empirical model predict 

the largest temperature gradients within the material. A correct definition of the thermal conductivity of the composite in the 

through-thickness direction is crucial to produce high quality simulations. 

 Such thermal gradients at higher placement speeds can hinder the intimate contact development of the material, as 

viscosity gradients can arise through the thickness of the composite, preventing it from flowing. 
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