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Abstract  

The development of a new coplanar dielectric sensor able to monitor the entire 

process used for the manufacture of large composites panels was the main focus of 

this study. The cure reaction of an industrially available epoxy resin was 

investigated using differential scanning calorimetry and dynamic viscometry. A 

kinetics model of the resin cure was proposed for both constant heating rates and 

isothermal conditions. The theory of dielectric monitoring was outlined and 

electrical equivalent circuit were used in order to model the variations of the 

admittance due to the microscopic behaviour of the resin during cure. Electrical 

circuit equivalents were similarly used to model the variations of the sensor 

admittance during the filling of an infusion mould with liquid resin. 

Several dielectric sensor prototypes were built in order to validate the geometry 

and fabrication protocol of the final prototype. These sensors were used to collect 

the variations of admittance in a frequency range of 1 Hz - 10 kHz during the 

infusion of glycerol, the infusion of unreinforced epoxy resin and the cure of the 

said resin. The results obtained with the first prototypes confirmed the chosen 

geometry and structure of the sensor was suitable to follow the infusion and cure of 

epoxy resin. A first attempt at 3D modelling of the sensor was carried out. 

A final prototype of flexible and reusable dielectric sensor was built and used to 

monitor the infusion and cure of unreinforced epoxy resin, as well as the infusion 

and cure of glass fibre/epoxy composite plates in a frequency range of 1 Hz ς 10 

kHz. The results obtained confirmed the prototype was able to follow the filling of 

an infusion mould in two dimensions, as well as the cure of glass fibre/epoxy 

composite plates on a scale of centimetres. The influence of the number of 

reinforcement layers on the admittance measured was found inexistent. The 

admittance obtained during the epoxy resin cure confirmed the prevalence of the 

migrating charges contribution to the resin admittance in the frequency range 

studied. The comparison of the results obtained with the resin characterisation data 

suggested a way to closely follow the cure near the gel point of the resin. 
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Real part of the complex permittivity due to the presence of 

migrating charges  



Nomenclature 
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rʁ Fully relaxed permitivitty 
 

uʁ Unrelaxed permittivity 
 

ʹϝ Complex viscosity Pa.s 

 ˄ Fractal exponent of the electrode polarisation model 
 

 ̀ Conductivity  S.m 

v̀ Stress Pa 

v̀0 Amplitude of the stress Pa 

 ̱ Relaxation time s 

ḏip Dipolar relaxation time s 

 ˒ Phase between voltage and amplitude 
 

 ̟ Angular frequency ras.s-1 

Mathematical Operators  and Physical Constants 

R Ideal gas constant, 8.3144598 J.K-1.mol-1 

ɲ Difference 

j Imaginary unit, j2=-1 

0ʁ Permittivity of free space, 8.854x10-12 F.m-1 

 ̄ Pi, 3.14 

Ɇ Sum 

Abbreviations  

The abbreviations are listed in alphabetical order. 

Abbreviation Explanation 

3D Three dimensional 

AC Alternative Current 
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BC Before Christ 

BNC Bayonet NeillςConcelman 

DC Direct Current 

DEA Dielectric Analysis 

DSC Differential Scanning Calorimetry 

E.P. Electrode Polarisation 

ETDR Electrical Time Domain Reflectometry 

FTIR Fourier Transform Infrared spectroscopy 

HCl Hydrochloric Acid 

I-CRTM Injection-Compression Resin Transfer Moulding 

LCI Liquid Resin Infusion 

LCM Liquid Composite Moulding 

OFI Optical Fibre Interferometers 

OFR Optical Fibre Refractometers 

PCB Printed Circuit Board 

PEEK Polyetheretherketone  

RFI Resin Film Infusion 

RTM Resin Transfer Moulding 

S1 Prototype sensor 1 

S2 Prototype sensor 2 

S3 Prototype sensor 3 

S4 Prototype sensor 4 

SK1 Kapton® Sensor number 1 

SK2 Kapton® Sensor number 2 

SP1 PEEK Sensor Prototype number 1 

SP2 PEEK Sensor Prototype number 2 

VARTM Vacuum-Assisted Resin Transfer Moulding 
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1. Necessity of Online Cure Monitoring and Thesis Structure  

 

 

 

 Scope and objectives 1.1.

The development of a new sensor for monitoring the manufacture of large scale 

composites plates is the main topic of this study. The device prototype, based on 

dielectrometry techniques, is used to follow the entire composite making process 

from the filling of the mould to the final composite plate. In this introductory 

chapter, the need for such a technique is outlined before the thesis structure is 

given. 

 Composite materials and their importance in the wind turbine 1.2.

industry  

Since the beginning of times, humans have been shaping matter to manufacture 

objects and manifest their visions. After using readily available materials, such as 

wood, bone or stone, they found themselves limited and thus began to create new 

ones. They discovered that combining dissimilar components could provide a 

resulting element distinct from the sum of its parts. First developed empirically with 

the creation of alloys, this knowledge morphed into alchemy, before later acquiring 

the name of chemistry. 

However, material blends are not limited to the microscopic scale. Combining 

materials on a macroscopic level has been done for thousands of years. Contrarily 
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to a homogeneous mixture, the integrity of the individual components remains in 

the final structure, called composite material. An example of such materials may 

date back from as far as the 4th Dynasty (circa 2750 BC) in the form of the oldest 

iron plate ever found. Discovered in the Great Pyramid of Gizeh, Egypt, it is formed 

of several iron laminates of different composition hammered together. Different 

alloys would be later treated with this hammering technique: in the Illiad, Homer 

describes Achilles' shield as formed of two layers of bronze, two layers of tin and 

one of gold (Wadsworth and Lesuer 2000). 

If nowadays alloys are becoming less and less prevalent in the industry, the idea 

of combining dissimilar materials to create a better one remains, as illustrated by 

the rise of advanced composites in the last century. Fibre reinforced plastic matrix 

are a family of composite now widely used in the industry. Their lightweight and 

outstanding structural properties make them materials of choice for the creation of 

large structures in sectors such as aeronautics, aerospace or renewable energies. 

Yet, their manufacture on a large scale remains mostly based on empirical 

procedures. That has been proven problematic, considering that any defect during 

the manufacturing process might generate weak points in the final piece, likely to 

become later sources of failures. 

In the wind energy sector, these failures can have disastrous consequences. In 

the case of a wind turbine breakdown, not only are costly and time-consuming 

repairs needed, but any interruption also implies a loss in energy produced during 

the whole maintenance time. If the turbine happens to be offshore, the 

replacement process is made all the more difficult by requiring the use of special 

boats able to stabilise themselves on the sea ground. 

The most common cause of malfunctions of wind turbines is by far blade failure 

(Ciang et al. 2008), accounting for 8 to 20% of the cumulated downtime of a wind 

turbine (Hahn et al. 2007; Lauter et al. 2017). In 2011, a preliminary survey 
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performed by Sandia National Laboratory on five wind farms reported a blade 

failure on about 20% of the wind turbines panel examined. In the event of rotor 

blade breakage, blades or pieces of blades can travel up to one mile away from the 

turbine, damaging buildings and being a great safety issue (Ciang et al. 2008; 

Caithness Windfarm Information Forum 2018).  

Considering that most of these failures can be linked back to improper 

manufacturing of the blade material, the reliability issues should be addressed at as 

early a stage as possible during fabrication. An online monitoring technique able to 

provide real time information during the manufacture of the blade would be 

beneficial to detect potential problems before the process is even finished, and 

ensure the viability of the final product. This would prevent the loss in production 

and the costs of potential breakages, making the wind energy sector more reliable 

and therefore more competitive.  

 Thesis structure  1.3.

The main body of the present study is composed of seven chapters: 

After the present chapter, where the need of an online monitoring technique for 

the manufacture of large scale composite panels is highlighted, chapter 2 

concentrates on the manufacture techniques of the said composites and the 

current online monitoring techniques available. 

Chapter 3 focuses on the characterisation of the resin matrix used in the present 

study. After a brief explanation of the cure mechanism of epoxies, the resins cure is 

studied by mean of differential scanning calorimetry and rheology. 

Chapter 4 develops the theory behind dielectrometry. The basic principle behind 

dielectric monitoring are discussed, before developing the causes for the variations 

of the dielectric properties of the curing epoxy resin. An equivalent circuit of the 
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curing resin is discussed. An electric equivalent of the dielectric sensor system is 

likewise examined. 

Chapter 5 presents the first sensor prototypes developed. It is composed of 

three parts: a description of the composite making protocol used in the present 

work is given, before the sensor prototypes fabrication is described. Finally, the 

results obtained with the two types of prototypes are presented. In that chapter, a 

brief introduction to a 3D numerical model of one sensor prototype is given. 

Chapter 6 concentrates on the final sensor prototype. The first part describes the 

sensor prototype fabrication process. The prototype is then characterised in air, 

before its suitability to follow the composite manufacture process in its entirety is 

verified. The results obtained with the prototype are compared with the epoxy cure 

characterisation established in chapter 3. 

An overall conclusion of the results of the present work and with suggestions for 

further work are summarised in chapter 7. 
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2. Wind Turbine Blade Manufacture, Potential Defects and 

Current Online Monitoring Solutions  

 

 

 

 Scope and objectives 2.1.

This chapter starts by describing the manufacture process of wind turbine blades 

and the potential issues that can arise during this step. The focus then shifts on to 

the different methods of online monitoring currently available, before 

concentrating on the presentation of the dielectric sensors geometries currently 

available. 

 Blade fabrication process and potential issues  2.2.

The design and choice of materials for the production of a wind turbine blade is 

crucial to ensure the efficiency and reliability of the final machine. Similarly to 

aeronautics, the shape of the blade must be carefully studied to be as aerodynamic 

as possible, and the materials used must simultaneously be strong, robust and light-

weight. 

 Current design  2.2.1.

Most blades are composed of a thin shell reinforced by spars, beams or webs as 

shown in Figure 2.1 (Brøndsted et al. 2005; Lauter et al. 2017). These 

reinforcements ensure a good repartition of the load along the blade. 
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Figure 2.1 Schematic of the inside of a turbine blade 

The challenges associated with the reinforcing beams, or the joints between the 

different blade parts will not be discussed further in the present work. The focus 

shall be kept on the blade shell manufacture and the issues arising from it, 

responsible for 13% of the blade failures (Galappaththi et al. 2013). 

 Materials for rotor blades shells  2.2.2.

The materials used to build the shell must comply with three main constraints: 

they need to be stiff enough to maintain the aerodynamic design of the blade, light-

weight to limit the impact of gravity on the turbine and resistant enough to fatigue 

load to ensure a service of 20-30 years (Veers et al. 2003).  

 

Figure 2.2 Representation of a composite material. In blue, the reinforcement, in white the matrix 

Composite materials are therefore ideal candidates for the fabrication of the 

blade (Veers et al. 2003; Brøndsted et al. 2005)Φ ¢ƘŜ ǘŜǊƳ άŎƻƳǇƻǎƛǘŜέ ǊŜŦŜǊǎ ǘƻ ŀ 

wide range of objects, from wood to ceramics. Their common point lies in their 

composition: two or more different materials are combined to make a final product 

with superior properties. Composite materials made of a fibre reinforcement 

embedded in a polymer matrix (Figure 2.2) have been extensively used in the 

Adhesive 

Spar (load carrying device) 

Composite 

shell 
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industry for decades. They are part of a much bigger family of materials, of which a 

classification is presented in Figure 2.3. 

 

Figure 2.3 Classification of composites. In red, the family of composite studied in the present work 
(Adapted from Matthews and Rawlings 1999) 

The present work focuses only on the dual composite system formed of fibre 

reinforced polymer matrix, highlighted in red in Figure 2.3 . The presentation of the 

two materials forming the final piece is given in the section below. 

 Fibres 2.2.2.1.

The reinforcement in the composite material serves to increase the mechanical 

properties of a plain polymer, such as its rigidity or resistance to cracks. The 

reinforcement can take the form of small particles, nanoparticles or, more 

frequently, fibres. In the wind turbine blade manufacturing industry, the wide use 

of glass fibres, and especially E-Glass fibres, can be explained by their moderate 
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stiffness, moderate density, and high strength. All these mechanical properties are 

combined with a relatively low cost.  

The choice of carbon fibres as a reinforcement is becoming popular, but despite 

their excellent mechanical properties, their price prevents them from being more 

prevalent. They can, however, be used in conjunction with glass fibres in strategical 

areas of the blade (Veers et al. 2003; Brøndsted et al. 2005).  A comparison of some 

mechanical characteristics of E-Glass fibres and carbon fibres is given in Table 2.1. 

Table 2.1 Comparison of the mechanical properties of  E-Glass fibres and carbon fibres (Brøndsted 
et al. 2005)  

Other interesting fibres such as aramid, polyethylene and cellulose can be cited, 

but they remain very niche. Because of the predominance of glass fibres, and more 

specifically E-Glass reinforcement, in the current blade manufacture process (Veers 

et al. 2003)Σ ǘƘŜ ǿƻǊŘ άǊŜƛƴŦƻǊŎŜƳŜƴǘέ ǿƛƭƭ ŜȄŎƭǳǎƛǾŜƭȅ ǊŜŦŜǊ ǘƻ ǘƘƛǎ ƪƛƴŘ ƻŦ ŦƛōǊŜǎ 

from now on unless otherwise stated. 

 Matrix  2.2.2.2.

Working as a binder, the role of the polymer matrix is to keep the fibres together 

and transfer the mechanical stress evenly among them. It can be made of either 

thermosets or thermoplastics. Thermosets are usually liquid or pourable polymers 

requiring a curing process to become solid. For that reason, they are mixed with a 

hardener, heated or irradiated under precise conditions to initiate the chemical 

reaction which results in the wanted final product. This curing phenomenon is a 

chemical reaction implying the cross-linking of macromolecules and the creation of 

chemical bonds. It is thus irreversible. Typical examples of thermosets used as a 

Type Stiffness (GPa) Tensile strength (MPa) Density (g.cm-3) 

E-Glass 72 3500 2.54 

Carbon 350 4000 1.77 
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matrix in the composite industry are epoxy, polyester, vinylester, bismaleimide, and 

phenolic resins (Gurit Holding 2016).  

Alternatively, thermoplastics polymers are materials that are typically solid at 

room temperature, but become malleable or liquid when heated above certain 

temperatures, called respectively the glass transition temperature and the melting 

point. Contrarily to thermosets, no chemical bonds are created in the process and 

thus the polymer can be melted and shaped several times before it starts to 

deteriorate. This property makes them interesting in terms of recycling (Gurit 

Holding 2016). Polyetheretherketone (PEEK) is an example of a high-performance 

thermoplastic; polypropylene and polyamide (Nylon) are thermoplastics commonly 

used in industry.  

The manufacture of large composite panels typically relies on thermosets resins 

and thus the present document will only discuss the production of composites 

based on such. 

 Composite material  2.2.2.3.

As a combination of the reinforcement and the matrix, the final composite 

material possesses mechanical properties that aim to be greater than the sum of 

their part. The said properties are typically dependent on the ratio between the 

fibre and the matrix, since the reinforcement has the biggest contribution to the 

final material properties. 

The research and development on composite materials lead to a significant 

increase in the length of the rotor blades. Today, they typically measure between 40 

and 130 m. (Brouwer et al. 2003; Veers et al. 2003). However, the manufacturing 

techniques used to produce those blades did not evolve at the same rate and 

remain a very delicate step in the blade making process. Any defect occurring at the 

manufacturing stage can have dramatic consequences on the blade mechanical 



Wind Turbine Blade Manufacture, Potential Defects and Current Online Monitoring Solutions 

10 

 

 

properties, leading at best to expensive scrap parts, and to failure in the worst case 

scenario (Hahn et al. 2007; Galappaaththi et al. 2013).  

 Manufacture of the blades  2.2.3.

Composite materials can be manufactured with various techniques such as spray 

lay-up, wet hand lay-up, vacuum bagging, filament winding, pultrusion, resin 

transfer moulding, autoclave or resin film infusion. (Brøndsted et al. 2005; Gurit 

Holding 2016). For the sake of clarity, only the two techniques relevant to rotor 

blades manufacture will be described here, namely wet lay-up and liquid composite 

moulding. 

 Wet lay-up 2.2.3.1.

The wet lay-up process has been used for decades to make boat shells or 

chemical tanks and is still relevant for small blades up to 50 meters (Veers et al. 

2003). It is well-known, simple, requires low-cost equipment and is applicable to a 

wide choice of fibres and matrix. Woven, knitted, stitched or bonded fibres fabrics 

are impregnated with the liquid resin which is manually deposited by rollers, or 

brushed, before being left to cure at room temperature and pressure (Gurit Holding 

2016). 

However, not only does the quality of the final product very much depend on the 

human factor (technical skills of the operator), but the resin used in that process 

needs to present a low viscosity. This limitation has an impact on the mechanical 

and thermal properties of the end product. Besides, the resins traditionally used in 

wet lay-up are potentially harmful to the operator, who can notably develop 

styrene emission poisoning from polyester resin and dermatitis from epoxy (Gurit 

Holding 2016). 
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 Liquid composite moulding  2.2.3.2.

Liquid composite moulding (LCM) is the process most largely used in industry to 

produce composite parts. It comprises several variations such as resin transfer 

moulding (RTM), vacuum assisted resin transfer moulding (VARTM), liquid resin 

infusion (LRI), resin film infusion (RFI), and injection-compression RTM (I-CRTM). All 

those variations are based on the same principle: the reinforcement fabric is placed 

into a closed area in which the liquid resin is injected. The system is then cured until 

solidification of the resin (Brouwer et al. 2003; Gurit Holding 2016). 

The liquid resin infusion process is favoured for the blade manufacturing and 

therefore will be the only one further developed here. It can be broken into four 

steps, as schematised in Figure 2.4: 

(1) The dry reinforcement is placed in a stack in a mould.  

(2) The stack is then covered with peel ply and breathing fabric, before being 

vacuum-bagged. The breathing fabric is a porous media allowing an even 

flow of the liquid resin during the infusion. Without it, the vacuum bag would 

be pressed too tightly against the reinforcement to allow the resin to flow 

and impregnate the fibres correctly. 

(3) The pressure difference between the inside of the bag (vacuumed) and the 

surface of the liquid resin brings it to flow into the reinforcement stack until 

the latter is fully impregnated. Afterwards, the resin is cured according to the 

manufacturer specifications. 

(4) When the curing process is complete, the vacuum bag, breathing fabric and 

peel ply are removed. At that point, the composite obtained is ready for 

further assembly. 
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Figure 2.4 Schematic of a resin infusion process 

The side of the final piece in contact with the mould has a smooth finish, typically 

corresponding to the outside of the blade shell in the case of wind turbine blade 

manufacture. The inside of the blade does not need to have a perfectly smooth 

surface, hence the use of a fully closed mould, such as the ones used in RTM 

processes, is not necessary. Therefore, the liquid resin infusion will be the main 

focus of this study. 

The LCM technique allows the fabrication of large, complex shapes with very low 

void contents and high fibre volume in a single step and at a relatively low cost. 

Besides, cored structures can be produced using this technique, making it an 

especially interesting choice for the manufacture of blade shells in one seamless 

piece. Compared to wet lay-up, the health and environmental risks are reduced 

thanks to the resin being cured in a vacuum bag (Brouwer et al. 2003). Finally, the 
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automation of the RTM process further reduces the process time and thus reduces 

costs (up to 40% compared to the wet lay-up process (Long 2005)). 

However, the infusion process is a complex technique that can present some 

issues, likely to impact the properties of the final composite (McIlhagger et al. 

2000). The fabric can be displaced during the filling, leading to an inhomogeneous 

final product. The injection process itself can lead to inhomogeneity of the resin 

(uneven flow of the resin flux or interfaces during mould filling, dry spots, 

ƛƴŎƻƳǇƭŜǘŜ ŦƛƭƭƛƴƎΧύΣ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ƭŀǊƎŜ ǎǘǊǳŎǘǳǊŜǎ ǊŜǉǳƛǊƛƴƎ ŀ ŎƻƳǇƭŜȄ 

infusion strategy (Brouwer et al. 2003). In thick laminates, the curing process can be 

uneven: the heat generated by the exothermic reaction at the core of the laminante 

is difficult to dissipate due to the poor thermal conductivity of the resin which may 

result in over cured matrix. Local variations in the degree of cure and thus 

improperly cured matrix can also occur due to the gradients of temperature 

(Bogetti and Gillespie, 1991). Finally, the cure cycle of the resin is typically based on 

the recommendations of the resin manufacturer, derived from tests on the 

unreinforced resin. As such, they do not accurately reflect either the geometry of 

the component or the constitution of the composite material. 

 Possible defects 2.2.4.

The production of large composite panels is an industrial process that may thus 

result in the presence of defects in the final product, leading to potential blade 

failure. Those defects can be due to the blade design itself, in which case the 

problem must be addressed while researching the blade design, but most of them 

are created during the blade manufacturing process. More precisely, the resin 

infusion is known to be a crucial step influencing most of the mechanical properties 

of the final part. Defect linked to this step of manufacture can be classified into 

several types (Sørensen et al. 2004; Cairns et al. 2011; Galappaththi et al. 2013; 

Yang et al. 2013): 
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¶ Porosity/voids:  air or residual gas bubbles are present in the cured 

composite. 

¶ Dry spots:  the reinforcement fibres are improperly wetted by the resin. 

¶ Debonding: the matrix and fibres are no longer adhering to each other. 

¶ Delamination: the laminated composite becomes separated, usually 

between two layers of reinforcement. 

¶ Non-homogeneity in the fibre/resin distribution: Some areas are too rich 

in fibres/resin. 

¶ Fibre misalignment/ ply waviness: The reinforcement fibres show 

waviness, along with the plan of the lay-up, or through the stack. 

¶ Fibre cracking: the length of the fibres is reduced because of breakage. 

¶ Foreign inclusion: foreign objects are trapped into the composite, 

typically between two layers of reinforcement. 

¶ Improperly cured matrix:  The polymer matrix is either over or under-

cured. 

¶ Matrix cracking: the matrix itself shows a structural failure. 

Those irregularities can have a tremendous impact on the mechanical properties 

of the final composite piece. It has been shown that a 1% void content leads to a 

decrease of 10% in the inter-laminar shear strength and 5% in the bending stiffness  

of a cured thermoset composite (Matsuzaki et al. 2011b). Similarly, fibre waviness 

can lead to failure of flat glass fibre/epoxy composite panels at 74%-77% of their 

reference ultimate failure stress.  Delamination causes breakage at an even lower 

value, around 32%-38% of the reference ultimate failure stress (Galappaaththi et al. 

2013) . 

Any of the presented defects is a potential stress concentration area under the 

cyclic loading of the blade. In time, it can become the starting point of bigger 
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structural failures, ending up in a sudden stress relief mechanism and the 

spectacular collapse of the blade (Yang et al. 2013). 

Resin infusion remains a complex process, difficult to monitor, and issues during 

that step can lead to expensive discarded part. In addition, the number of 

parameters to take into account when considering each steps of the infusion 

process (filling of the mould, composite cure and final composite piece) makes it 

difficult to model it accurately. For those reasons, online control of the whole 

infusion process is highly desirable.  Instant feedback on the filling of the mould, the 

cure of the resin and the potential formation and/or location of defects during the 

process would provide invaluable information to detect issues at an early stage 

during production and ensure the viability of the final piece (Matsuzaki et al. 

2011a). 

 Current dielectric sensing techniques for composite cures  2.3.

Considering how minor defects can have dramatic consequences on the 

mechanical properties of large composite pieces, close attention has been given to 

the monitoring of their manufacturing process. Because the risk of creating flaws is 

significant during resin infusion and cure, particular attention is required during 

these steps.  

 Interes t of dielectric analysis for thermosets cure monitoring  2.3.1.

Several online composite monitoring techniques have already been developed 

(Laurent-Mounier et al. 2005; Konstantopoulos et al. 2014; Lauter et al. 2017; Lira 

et al. 2017), including dielectric analysis (DEA), direct current analysis, electrical 

time domain reflectometry (ETDR), optical fibre interferometers (OFI), ultrasonic 

transducers, optical fibre refractometers (OFR), spectrometers, thermometers and 

pressure transducers. However, these techniques are poorly fitted to the industrial 
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scale as they require too expensive an infrastructure or too small a sample size to 

be industrially viable (Schubel et al. 2013). 

 For that reason, the monitoring of the resin infusion is currently limited mainly 

to time and temperature parameters, relying on the cure profile given by the resin 

manufacturer. As such, it provides little to no feedback (Lira et al. 2017).  In 

addition, even if all the aforementioned techniques were to be adapted to an 

industrial setting, few of them would allow the monitoring of the whole infusion 

process from the filling of the mould to the final part, as shown in Table 2.2 

(Konstantopoulos et al. 2014). Some of the investigation methods are even 

destructive and therefore cannot be considered for on-line monitoring of a wind 

turbine blade. 

Table 2.2 Comparison of different composite monitoring techniques (adapted from 
Konstantopoulos et al. 2014) 

  Flow front Degree of cure Void content Delamination 

Electromagnetic 

properties 

Dielectric analysis  Ҟ Ҟ Ҟ Ҟ 

Direct Current 

analysis 
Ҟ Ҟ   

Electrical time 

domain 

reflectometry  

Ҟ Ҟ   

Mechanical 

properties 

Optical fibre 

interferometers  
Ҟ Ҟ   

Ultrasonic 

transducers 
Ҟ Ҟ Ҟ Ҟ 

Optical 

properties 

Optical fibre 

refractometers  
Ҟ Ҟ   

Spectrometers Ҟ Ҟ   

Thermo-

dynamical 

properties 

Thermometers Ҟ Ҟ  

Ҟϝ 

*Only by Infrared 

(IR) 

thermography 

Pressure transducers Ҟ    
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Amongst all these approaches, the dielectric analysis presents the advantage of 

being one of the few non-destructive, well-established methods that can 

theoretically monitor the entire composite manufacturing process, from the filling 

of the tool by the resin material to the final product. This is particularly interesting 

in the case of  E-glass/epoxy laminate composites, which are low loss dielectric 

materials (Chin and Lee 2007), thus making dielectric methods suitable to the 

monitoring of their fabrication (Bidstrup et al. 1989; Stephan et al. 1998; Skordos 

and Partridge 2004; Chin and Lee 2007; Yang et al. 2014). 

During the polymerisation reaction leading to the resin solidification, its physical, 

chemical and structural properties undergo changes that impact the dielectric 

properties of the material, providing an effective means for indirect in-line non-

destructive testing. In particular, it has been shown that the viscosity of the 

thermoset resin, directly linked to the degree of cure, presented an effect on the 

dielectric properties of the material (Kranbuehl et al. 1989). This dependence will be 

studied in more detail in chapter 3.  

Finally, because dielectric measurement does not require the sensor to be in 

direct contact with the material studied, it can be embedded in a tool such as a 

mould and thus does not damage the surface of the material, preventing additional 

manufacturing (McIlhagger et al. 2000; Yenilmez and Murat Sozer 2009). 

 Existing dielectric sensors  2.3.2.

In order to follow the variations of the dielectric properties of the resin system 

during the whole infusion process, several types of sensors have been developed. 

Those devices are usually composed of electrodes in contact with the material to 

investigate.  A time-varying voltage is applied between the electrodes, establishing 

an electric field in the material. This electric field causes the apparition of an electric 

current in the material investigated. The characteristics of this current can then be 
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analysed to infer the properties of the material studied (Senturia and Sheppard Jr 

1986). The way these devices operate will be described in more detail in chapter 4.  

Dielectric sensors have been developed for the on-line monitoring of the infusion 

process and are starting to be employed industrially nowadays. Two main 

geometries are commonly found in literature: parallel plate sensor and comb or 

coplanar sensors. They shall be briefly discussed in the following sections. 

 Parallel plate sensors  2.3.2.1.

Several laboratory studies have used a parallel plate geometry to follow the cure 

of epoxy resins systems (Figure 2.5) (Shigue et al. 2004, 2006).  

 

Figure 2.5 Parallel plate sensor. In blue, the medium investigated, in grey the electrodes 

Parallel plate sensors require access to both sides of the material, which shows 

several advantages such as large and easily measurable capacitances as well as a 

more uniform field distribution in thick samples. It provides results considered more 

representative of the monitored process than the data obtained with a surface 

sensor (McIlhagger et al. 2000; Mamishev et al. 2004). Parallel plate sensors have 

been used to follow the cure of both an epoxy resin alone and a glass fibre 

reinforced composite (Nixdorf and Busse 2001). However, the necessity to have 

access to both sides of the curing plate makes them unsuitable to follow a liquid 

infusion, in which only one side of the composite remains in contact with the 

mould. They are also unpractical if large pieces of composites, such as rotor blades, 

need to be monitored across their whole surface. For these reasons, the industrial 
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use of parallel plate sensors seems limited in large scale composite manufacture, 

despite their benefits (McIlhagger et al. 2000). 

 Co-plana r sensors 2.3.2.2.

Interdigitated sensors, or comb sensors, are the most common type of dielectric 

sensor used when it comes to monitoring time-dependent phenomena. Composed 

of two co-planar electrode intertwined (Figure 2.6), they are commercially available 

and have been extensively used to monitor the dielectric properties of various 

materials, including epoxy resin during cure (Bidstrup et al. 1989; Kranbuehl et al 

1997; Skordos and Partridge 2004). 

 

Figure 2.6 Schematic of a comb dielectric sensor. In black, the interdigitated electrodes, in orange 
the substrate 

Contrarily to parallel plate sensors, interdigitated sensors do not require access 

to both sides of the monitored sample, making them suitable for liquid infusion 

processes.  

The strength of the signal obtained is controlled by adjusting the geometry of the 

sensor as the depth of penetration of the electric field in the tested material only 

depends on the distance between the sensor fingers. By varying that parameter, the 

depth penetration of the signal is changed and a spatial profile of the material 

tested can potentially be achieved. This means that stratified mediums such as 

complex composites can be investigated without the need to access each layer 

separately (Mamishev et al. 2004). 
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The depth of the material investigated should be proportional to the half-

distance between two driving fingers: the larger the distance, the deeper the field, 

as schematised in Figure 2.7. 

 

Figure 2.7 Representation of the penetration depth of the electric field with different spacing of 
the sensor electrodes (adapted from Mamishev et al. 2004) 

However, the electric field intensity decreases proportionally to an exponential 

factor Ὡ
 

  (where pɻ is the penetration depth). Hence, the accuracy of the 

measurement decreases when the inter-finger distance increases, as the signal 

intensity can reach the lower limit of detection of the dielectric measurement 

apparatus. To solve this issue, a combination of interdigitated sensors with different 

geometry can be used. Another option is to address independently an array of 

electrodes placed on the same plane to obtain a mapping of the whole thickness, as 

shown schematically in Figure 2.8. 

 

Figure 2.8 Representation the electric field repartition for different electrode grounding (adapted 
from Mamishev et al. 2004) 

 

In that case, the number of independent measurements M is given by 

ὓ  
ὔὔ ρ

ς
 (2.1) 
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where N is the number of electrodes (Mamishev et al. 2004).  

The location of the coplanar sensor can be either attached to the infusion mould 

surface or inside the curing resin. If it is fixed on the mould, it allows the sensing 

system to be reusable. If the sensor remains embedded in the final composite 

piece, it can serve as a health monitoring device along the lifespan of the final piece, 

or simply be considered as a foreign inclusion. Interdigitated disposable sensors 

placed between reinforcement plies have been successfully used to follow the cure 

of glass fibre/epoxy composites (Bang et al. 2001; Yang et al. 2016).  

However, the typical scale of those sensors is of the order of a few millimetres. 

Therefore, they can only provide local data, making the use of such devices 

impossible for monitoring the fabrication of large pieces of composite over their full 

surface. Nevertheless, the geometry of coplanar sensor seems to be adaptable to 

larger scales. A bigger scale, copper-based co-planar sensors has been designed and 

investigated, showing interesting preliminary results in its ability to monitor the 

flow front and cure of glass fibre-epoxy composites (Skordos et al. 2000).  

 Other geometries 2.3.2.3.

In addition to parallel plate sensors and comb sensors, several other geometries 

have been studied on a laboratory scale. The SMARTweave dielectric sensor 

developed by the Army Research Laboratory and the University of Delaware     

(Vaidya et al. 2000) is based on a planar grid design. Consisting of several 

conductive filaments (carbon fibres or copper) embedded in an insulating material, 

it is placed in contact with the material to monitor and can follow mould filling and 

cure advancement in the composite making processes. 

Another grid design developed consists of the equivalent of  50 small parallel 

plates sensors evenly spaced across the monitored area (Yenilmez and Murat Sozer 

2009). To achieve this, an array of copper plates is embedded on the top of an RTM  
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mould. Another matching array of copper plates is embedded at the bottom of the 

mould, so that the closing of the machine creates 50 parallel plate capacitors able 

to give local information across the whole surface of the designated area.  

A carbon fibre based integrated sensor has been studied to follow the cure of 

glass fibre epoxy composites, with positive results (Laurent-Mounier et al. 2005). 

One step further, the use of co-cured carbon electrodes was proven promising in 

the case of a carbon fibre reinforced composite (Inada and Todoroki 2003). This 

type of embedded device could allow the investigation of carbon fibre reinforced 

composite manufacture with a minimal impact on the final composite mechanical 

properties. 

Last but not least, a disposable area-sensor array made of several square 

interdigitated sensors covering the entire bottom of a vacuum-assisted resin 

transfer moulding (VARTM) mould was proposed (Matsuzaki et al. 2011b). This 

device can monitor both the resin flow and the temperature during the whole 

process using the frequency dependence of the resin permittivity. Moreover, it is 

able to detect out of plane resin wetting in the reinforcement. The sensor can 

remain attached to the composite part after the curing process, in order to monitor 

the composite health as the manufacturing process continues further, or it can 

simply be peeled off (Matsuzaki et al. 2011b, 2011a, 2012) before additional 

manufacture. 

 Chapter Summary  2.4.

Composite materials are more and more widely used in various applications, 

including the fabrication of large pieces of equipment such as wind turbine blades. 

However, their manufacturing process remains difficult to follow in real time. In 

particular, the liquid resin infusion process, widely used for the creation of large 
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composite pieces, still requires online monitoring despite being a crucial step for 

the final properties of the final composite. 

Of all the non-destructive methods of characterisation that could be applicable 

to the monitoring of the said infusion process, dielectric monitoring presents the 

advantage of being theoretically able to follow the entire procedure, from the filling 

of the mould with liquid resin to the final solid composite piece. However, the 

devices currently used to perform dielectric measurements are not suitable for 

large scale monitoring because of their small size. 

The present study aims to help solving this issue by developing a new type of 

dielectric sensor suitable for the monitoring of the infusion process on a larger 

scale. 
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3. Epoxy Resin Characterisation  

 

 

 

 Scope and objectives 3.1.

In this chapter, the cure of the RS-M135 epoxy resin mixed with the fast 

hardener RS-MH134 provided by PRF Composite Materials is investigated. An 

overview of the epoxy resin cure mechanism is given and a kinetics model of the 

cure is discussed. The kinetics study of the resin system during cure can be 

performed using chemical methods such as liquid chromatography, infrared 

spectroscopy or FTIR. It can also be achieved via physical methods including 

differential scanning calorimetry (DSC), dynamic viscometry, thermal scanning 

rheometry and dynamical mechanical thermal analysis. In the present work, 

differential scanning calorimetry and dynamic viscometry are used to investigate 

the kinetics of the epoxy resin curing reaction.  

 Cure of epoxy resin  3.2.

The curing reaction of the epoxy based RS-M135 thermosetting resin involves a 

crosslinking of the pre-cured polymer chains triggered by the addition of a 

hardener. The mechanism of this reaction follows a rather complex kinetics 

behaviour, discussed in the following section. 
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 Mechanism  3.2.1.

¢ƘŜ ŘŜƴƻƳƛƴŀǘƛƻƴ άŜǇƻȄȅ ǊŜǎƛƴέ ŎƻǾŜǊǎ ōƻǘƘ ǘƘŜ ǾƛǎŎƻǳǎΣ ǳƴŎǳǊŜŘ ƭƛǉuid and the 

solid polymerized material containing epoxy groups shown in Figure 3.1. 

 

Figure 3.1 Epoxy functional group 

For ease of storage and longer stability, the monomer is usually pre-polymerised 

using bisphenol-A (Agarwal et al. 2017),  resulting in the reactive molecule 

presented in Figure 3.2. 

 

Figure 3.2  Pre-polymerised epoxy resin with bisphenol A 

The number np corresponds to the number of times the motif between the 

brackets is repeated, called degree of polymerisation. At that stage, the pre-

polymer is under a viscous liquid form.  

The actual tri-dimensional cross linking reaction resulting in the epoxy resin final 

properties involves a hardener or crosslinking agent, typically an amine with a 

functionality famine>2, such as diethylene triamine (NH2(CH2)2NH(CH2)2NH2). The 

amine sites react with the epoxide group, opening the ring by a simple addition 

mechanism shown in Figure 3.3. This addition reaction is autocatalytic. 

 

Figure 3.3 Addition of an amine site to an epoxide group to form a polymer chain 

 np 
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In the case of diethylene triamine, each molecule presents five reactive sites and 

thus can react with five pre-polymer chains, resulting in the configuration shown in 

Figure 3.4. 

 

Figure 3.4  3D grid of epoxy resin cured with a triamine 

Other curing agents containing oxygen or sulphur can be used (Ashcroft 1993).  

In the cured state, the epoxy rings have reacted and opened, forming the 3D 

network that gives the polymer its properties, such as good resistance to chemicals 

and heat, high adhesive strength, very high glass transition temperature (Tg) or low 

shrinkage. 

As the crosslinking reaction occurs, a thermoset polymer undertakes two 

important steps, namely the gelation and the vitrification. The gelation of a polymer 

is defined by the moment the cure reaction is no longer producing one dimensional 

polymer chains, but rather starting to form a three-dimensional linked network. The 

vitrification correspond to the point this three dimensional network is sufficiently 

developed for the viscous liquid to turn into a glassy state. The entire cure reaction 

encompasses the gelation and vitrification of the polymer resin.  

 Semi-empirical kinetic s models of epoxy resin cure  3.2.2.

Curing reaction kinetics can be described by a rate of reaction, function of either 

the disappearance of reactants or the creations of products. For thermosets, a 
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ŘŜƎǊŜŜ ƻŦ ŎǳǊŜ ʰ ŎƻǊǊŜǎǇƻƴŘƛƴg to the consumption of functional groups (here 

epoxides) is defined. Therefore, (1-ʰύ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŜǇƻȄƛŘŜ ƎǊƻǳǇ 

left at a set time. A general rate of reaction is then given by (Bilyeu et al. 2001): 

where k is the rate constant and n the order of the reaction. 

However, this equation only takes into account the concentration of epoxides 

groups and does not convey the autocatalytic nature of the curing reaction of epoxy 

resin with a triamine. To account for the autocatalysis, another term needs to be 

added to the expression, which becomes  

Ὠ‌

Ὠὸ
Ὧ‌ ρ ‌  (3.2) 

¢ƘŜ ʰm term represents the autocatalytic nature of the reaction, adding an 

additional reaction rate with the order of m. If the reaction is not catalytic, m=0 and 

the equation is simplified to become equation (3.1). 

According to the two aforementioned equations, the autocatalytic nature of the 

curing reaction can be easily determined from experimental data: if the reaction is 

not autocatalytic, then the reaction rate will be maximal foǊ ʰҐлΣ ŀǘ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ 

the cure. It will then decrease as the polymerisation reaction occurs. However, if 

the reaction is autocatalytic, then the maximum of the reaction rate will not be 

observed at the start of the reaction, but rather reached for a higher degree of cure. 

By plotting the reaction rate versus the advancement and fitting a theoretical 

equation, the numbers n and m can be determined. 

Assuming the constant k follows an Arrhenius law: 

Ὠ‌

Ὠὸ
Ὧρ ‌  (3.1) 

Ὧ ὃὩ  (3.3) 
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where Ak is the pre-exponential function, Ea the activation energy of the 

reaction, R the perfect gas constant and T the absolute temperature in kelvin. 

Equation (3.2) becomes: 

Autocatalytic reactions can be triggered by impurities such as water or remaining 

ions from the resin formulation (Karkanas et al. 1996). Therefore, the reaction rate 

at the beginning of the cure is, in practice, never null. Thus, the reaction rate 

equation has to be modified to take into account the autocatalytic character of the 

reaction. To that end, an initial reaction rate independent of the advancement is 

introduced in equation (3.4) which becomes: 

Ὠ‌

Ὠὸ
Ὧ Ὧ‌ ρ ‌  (3.5) 

where k1 is the reaction rate at the start of the reaction and k2 the rate of 

reaction for a system without impurities. Those two reaction rates follow the 

Arrhenius law given in equation (3.3) and k1 can be theoretically extracted using the 

ǊŜŀŎǘƛƻƴ ǊŀǘŜ ŀǘ ʰҐлΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ƳƻŘŜƭ ƛǎ ƻŦǘŜƴ ǳƴǎǳƛǘŀōƭŜ ǘƻ ǊŜƴŘŜǊ ǘƘŜ ŜƴǘƛǊŜ 

cure of epoxy resin. In particular, a deviation toward the end of the cure can be 

observed (Karkanas et al. 1996). 

Further refining that model and taking into account all the different reactions 

that can happen during an autocatalytic cure, Horie et al.  (Horie et al. 1970) 

proposed writing the reaction rate as: 

Ὠ‌

Ὠὸ
Ὧ‌ Ὧᴂρ ‌ ὄ ‌ (3.6) 

Ὠ‌

Ὠὸ
ὃὩ ‌ ρ ‌  (3.4) 
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where B is the ratio between amine equivalents to epoxides equivalents. In the 

case of a perfectly stoichiometric mixture, B=1 and the equation becomes equation 

(3.5) with m=1 and n=2 

Another way to obtain a better fit of the model with the experimental data is to 

modify equation (3.5) by using two different reactions orders  n1 and n2 (Karkanas  

et al. 1996). These two reaction rates correspond respectively to the addition of 

primary and secondary amines on the epoxy group, as discussed in section 3.2.1. In 

that case, the reaction rate becomes: 

This equation has been successfully applied to model the cure of epoxy/amine 

resins in the literature (Karkanas and Partridge, 2000). Therefore, unless otherwise 

stated, it will be assumed that the cure of the RS-M135 epoxy resin follows the 

model described by equation (3.7).   

As mentioned in the introduction of the present chapter, several techniques give 

access to the kinetics of the cure reaction. In the present study, DSC and dynamic 

viscometry are used, and will be discussed in the following sections. 

 Differential scanning calorimetry  3.3.

Differential scanning calorimetry (DSC) is used to follow the cure of the RS-M135 

epoxy resin and develop a model of the cure for both dynamic heating and 

isothermal conditions. 

Ὠ‌

Ὠὸ
Ὧ ρ ‌ Ὧ‌ ρ ‌  (3.7) 
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 Experimental protocol  3.3.1.

 The DSC experiments were carried out using a PerkinElmer DSC 6000 

(www.perkinelmer.co.uk/corporate).  It is a single furnace setting DSC similar to the 

one shown schematically in Figure 3.5. 

 

 

Figure 3.5 Schematic representation of the DSC chamber 

Special aluminium crucibles were sealed with either the substance under study 

(in the case of the sample) or air (in the case of the reference) inside. The crucibles 

were placed in two symmetrical depressions for analysis. Two thermocouples 

collected the temperature of the sample (Ts) and the reference (Tr) while a single 

heat source regulated the temperature inside the closed chamber. The temperature 

ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǎŀƳǇƭŜ ǎƛŘŜ ŀƴŘ ǊŜŦŜǊŜƴŎŜ ǎƛŘŜ όɲ¢ύ was measured at all 

time. Since the sample and reference are subjected to the same temperature 

profile, the difference between their respective temperatures can be used to 

determine the energy change due to the exothermic reaction taking place in the 

sample crucible. That temperature difference was recorded and post processed by 

ǘƘŜ tȅǊƛǎϰ ƛƴǎǘǊǳƳŜƴǘ ƳŀƴŀƎƛƴƎ ǎƻŦǘǿŀǊŜ ǇǊƻǾƛŘŜŘ ōȅ tŜǊƪƛƴ9ƭƳŜǊ ƛƴ ƻǊŘŜǊ ǘƻ 

obtain the heat flow as a function of time.  

A temperature and cell calibration was performed before each experiment. The 

temperature of melting and latent heat of melting of a calibration material sample 

were recorded and compared to their theoretical values. The difference between 
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the temperature of melting measured and the theoretical value was stored in the 

data collecting software for automatic correction of the recordings to follow. The 

ratio between the measured latent heat of melting and the theoretical value 

constituted the cell constant and was used to convert the temperature difference 

into heat flow. In the case of this study, indium was used as the reference material 

before each run. 

To ensure reproducibility of the experimental results, a batch of RS-M135 resin 

and RS-MH134 hardener was mixed before quickly being divided into weighted 

ǎŀƳǇƭŜǎ ƴƻ ƘŜŀǾƛŜǊ ǘƘŀƴ мр ˃Ǝ. Those samples were sealed into aluminium crucibles 

and frozen at -муɕ/ ǘƻ ǎƭƻǿ ǘƘŜ ǊŜŀŎǘƛƻƴ Řƻǿƴ ŀƭƳƻǎǘ ǘƻ ŀ ǎǘƻǇΦ ¢ƘŜ ŎƻƻƭŜŘ ǎŀƳǇƭŜǎ 

were pulled out of the freezer as needed to perform the DSC analysis.   

Two types of experiments were performed on the epoxy resin samples: dynamic 

runs and isothermal runs. The protocols for each analysis shall be described in the 

following sections. 

 Dynamic runs settings  3.3.1.1.

To perform the dynamic runs, the sample crucible was taken from the freezer, 

immediately placed in a pre-cooled DSC at either -олɕ/ ƻǊ -рлɕ/ ŀƴŘ ƪŜǇǘ ŦƻǊ ƻƴŜ 

minute at that temperature before being subjected to a ramp of 4 ɕ/κƳƛƴ, 6 ɕ/κƳƛƴ, 

8 ɕ/κƳƛƴ, 10 ɕ/κƳƛƴ, 20 ɕ/κƳƛƴ ƻǊ плɕ/κƳƛƴ ǳǇ ǘƻ оллɕ/Φ ¢ƘŜ ǎŀƳǇƭŜ was then kept 

ŀǘ оллɕ/ ŦƻǊ ƻƴŜ ƳƛƴǳǘŜ ōŜŦƻǊŜ ōŜƛƴƎ ŎƻƻƭŜŘ Řƻǿƴ ǘƻ нлɕ/ ŀǘ сɕ/κƳƛƴΦ 

 Isothermal  3.3.1.2.

In the case of an isothermal run, the sample was taken out the freezer, placed in 

a pre-heated DSC at 10ɕ/, 15ɕ/, 20ɕ/, 25ɕ/ ƻǊ олɕ/ ŀƴŘ ƭŜŦǘ ǘƻ ŎǳǊŜ ŦƻǊ нп ƘƻǳǊǎΦ 

The results of these experiments are presented in the section below. 
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 Experimental results  3.3.2.

 Dynamic runs  3.3.2.1.

When the cure process is analysed using a dynamic setting, that is submitting the 

sample to different speeds of heating, the physical properties of the resin are 

affected by several mechanisms simultaneously (Kenny and Trivisano 1991). 

Typically, the crosslinking process between the monomers and the increase of the 

resin viscosity are greatly impacted by how quickly the sample is heated.  As the 

resin heats up, its viscosity decreases, allowing the reactive species to move more 

easily. The reaction rate thus increases. 

The main purpose of investigating the cure of epoxy resin using dynamic heating 

conditions is to determine whether or not the cure mechanism is affected by the 

heating rate, as well as obtaining the total heat generated by the cure reaction.  

 The curves obtained for different heating rate of epoxy resin samples prepared 

with the protocol described in section 3.3.1 are presented in Figure 3.6. 

 

Figure 3.6 Heat flow in the dynamic cure of RS-M135 epoxy resin 
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The heat flow decreases until reaching a minimum point, before increasing and 

reaching a plateau as the resin approaches the vitrification point. Up to the 

vitrification point, the mobility of the charged species is possible and improved by 

thermal agitation. Thus the reaction rate increases with the temperature. After the 

vitrification point, the formation of the 3D network greatly reduces the mobility of 

the species, causing the drop in the reaction rate. The minimum of the curves shifts 

towards higher temperatures as the heating rate increases. The resin used in the 

present study cures at room temperature. Therefore, when subjected to a low 

heating rate, the cure happens gradually and the heat released by the exothermic 

reaction is distributed along the duration of the experiment. When the heating rate 

increases, the reaction happens quicker and the heat is generated on a smaller time 

scale, creating a lower minimum at a higher temperature. 

Assuming that the heat of reaction is proportional to the advancement of the 

ǊŜŀŎǘƛƻƴΣ ƻǊ ŘŜƎǊŜŜ ƻŦ ŎǳǊŜ ʰ: 

where HT is the total heat flow measured during the dynamic experiments and 

the integral corresponds to the area under the curve at the instant t. 

In the case of a dynamic scanning, it is assumed the system undergoes a 

ŎƻƳǇƭŜǘŜ ǊŜŀŎǘƛƻƴΦ Lƴ ǘƘŀǘ ŎŀǎŜΣ ǘƘŜ ŀŘǾŀƴŎŜƳŜƴǘ ƻŦ ǘƘŜ ŎǳǊŜ ʰ Ŏŀƴ ōŜ ƭƛƴƪŜŘ ǘƘŜ 

total heat of reaction using equation (3.9). 

where H(t) is the cumulated heat from the start of the experiment to the instant 

t, and HT ƛǎ ǘƘŜ ǘƻǘŀƭ ƘŜŀǘ ƻŦ ǊŜŀŎǘƛƻƴ ǇǊŜǾƛƻǳǎƭȅ ŘŜǘŜǊƳƛƴŜŘΦ DǊŀǇƘƛŎŀƭƭȅΣ ʰ 

‌ὸ  
ρ

Ὄ

ὨὌ

Ὠὸ
Ὠὸ (3.8) 

‌ὸ
Ὄὸ

Ὄ
 (3.9) 
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corresponds to the ratio between the area under the curve at instant t over the 

total area under the curve. 

The total heat of reaction is obtained by integrating the area under the curve for 

the entire reaction. Good reproducibility of the experimental result is observed, as 

shown in Table 3.1. Different heating rates give a similar total heat of reaction with 

an acceptable standard deviation. This suggests the reaction mechanism of the resin 

cure remains the same for heating rates between 1°C/min and 40°C/min. For the 

rest of the analysis, the average of the obtained heats of reaction will be used in the 

calculations. 

 

Table 3.1 Total heat of reaction for the cure of epoxy resin 

 

Figure 3.7 shows the reaction rate as a function of the degree of cure for all the 

heating rates studied.  

Rate (°C/min) 1 4 6 8 10 20 40 

Total Heat of 

reaction (J/g) 
366 326 320 366 412 360 330 

Average (J/g) 354 

Stan. Deviation 32% 
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Figure 3.7 Reaction rate in the dynamic cure of RS-M135 epoxy resin at constant heating rates 

 

For a given degree of cure, the higher the heating rate, the higher the reaction 

rate. As mentioned before, if the system is heated rapidly, the reaction will take 

place quicker. Moreover, the reaction rate reaches a maximum at a fixed degree of 

cure, as shown by Table 3.2. 
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Table 3.2 Temperature and conversion at maximum reaction rate 

 

Independently of the heating rate, the maximum reaction rate is reached for a 

constant degree of cure, around 53%. This indicates the reaction mechanism of the 

resin cure reaction, despite being affected by temperature, is independent of the 

heating rate. The different parameters of equation (3.7) are thus independent of 

the heating rate and can be calculated to provide a model fitting the experimental 

data in the range studied. 

 Isotherms  3.3.2.2.

The cure of the resin was ƛƴǾŜǎǘƛƎŀǘŜŘ ŀǘ млɕ/Σ мрɕ/ ŀƴŘ нрɕ/Φ ¢ƘŜ ŎǳǊǾŜǎ 

showing the reaction rate of the cure versus time for these three temperatures are 

given in Figure 3.8. 

rate 

(°C/min) 

aŀȄƛƳǳƳ ŘʰκŘǘ 

(min-1) 

Temperature at max 

ŘʰκŘǘ όϲ/ύ 

Degree of cure at max 

ŘʰκŘǘ 

1 2.25x10-2 55.8 53% 

4 7.91x10-2 82.6 57% 

6 1.07x10-1 87.1 53% 

8 1.47 x10-1 95.1 53% 

10 1.84 x10-1 97.5 53% 

20 3.32 x10-1 110.1 53% 

40 6.29 x10-1 127.0 52% 



Epoxy Resin Characterisation 

37 

 

 

 

Figure 3.8 Reaction rate versus time for RS-M135 epoxy resin under isothermal conditions 

CƻǊ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘǎ ŀǘ млɕ/ ŀƴŘ нрɕ/Σ ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŀǘŜ ǎǘŀǊǘǎ ōȅ ƛƴŎǊŜŀǎƛƴƎΣ 

before reaching a maximum and decreasing until a value close to zero. The curve 

obtained ŀǘ мрɕ/ ǇǊŜǎŜƴǘǎ ŀ ƳŀȄƛƳǳƳ ŀǘ the beginning of the experiment before 

decreasing. This is likely due to the preparation and the storage of the samples. As 

described in section 3.3.1, a batch of resin was mixed and divided between several 

crucibles. This was not instantaneous and the resin had time to react before the 

reaction was put to a halt by freezing the samples. Therefore, the cure reaction had 

already started before the samples were put in the freezer.  

As discussed in section 3.2.2, the reaction rate is not maximal at the beginning of 

the reaction, indicating the autocatalytic nature of the reaction. Higher 

temperatures of cure lead to a higher maximum value of the reaction rate, 

confirming the reaction is temperature dependant. 

The curves showing the reaction rate versus degree of cure are shown in Figure 

3.9. For all the temperatures tested, the reaction reaches a maximum and 

decreases with the advancement of the reaction. None of the curves reach a degree 
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of cure equal to one, indicating that the reactions are not complete at the end of 

the experiment. However, it is verified that curing the resin at higher temperatures 

results in a higher degree of cure for the same length of time. 

 

Figure 3.9 Reaction rate versus degree of cure for RS-M135 epoxy resin under isothermal 
conditions 

The curves shown in Figure 3.10 confirm the incomplete nature of the reaction 

for all temperatures at the end of the experiment. The evolution of the final 

degrees of cure with time reaction is given in Table 3.3. 

Table 3.3 Final degrees of cure of RS-M135 epoxy resin under isothermal conditions for 24 hours 
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Figure 3.10 Degree of cure versus cure time for RS-M135 epoxy resin under isothermal conditions 

The final degree of cure for the reǎƛƴ ǘǊŜŀǘŜŘ ŀǘ нрɕ/ ƛǎ ƘƻǿŜǾŜǊ ǾŜǊȅ ŎƭƻǎŜ ǘƻ 

100%. The resin manufacturer indicates a complete cure of the resin after 24 hours, 

but encourages a postcure treatment of the final piece to improve its mechanical 

properties. This is achieved by reheating the cured resin at temperatures between 

40 -мрлɕ/ ŦƻǊ ǳǇ ǘƻ нп ƘƻǳǊǎ (PRF Composite Materials, 2015b). This additional step 

ensures a full cure of the resin and thus enhanced mechanical properties. 

 Kinetic s model  3.3.3.

Using the experimental data presented in the previous sections, the kinetics 

model discussed in section 3.2.2 was fitted to the epoxy resin studied by means of 

the solver tool in Excel. The absolute error was calculated between each value of 

the heating rate recorded experimentally and the heating rate calculated using the 

mathematical model. The sum of those errors was minimised using the GRG 

Nonlinear method with a convergence of 0.0001 in the solver tool. 
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 Dynamic 3.3.3.1.

By fitting the results presented in Figure 3.6, it was possible to determine the 

parameters for equation (3.7). They are presented in Table 3.4 and the comparison 

of the curves obtained with the model and the experimental results are given in 

Figure 3.11. 

Table 3.4 Calculated parameters of the kinetics model for the dynamic cure of RS-M135 epoxy 
resin at constant heating rates 

 

 

Figure 3.11 Fit of the kinetics model for the dynamic cure of RS-M135 resin 

According to those results, the chosen parameters are suitable to model the cure 

ƻŦ ǘƘŜ ǊŜǎƛƴ ŦƻǊ ƘŜŀǘƛƴƎ ǊŀǘŜǎ ōŜǘǿŜŜƴ мɕ/κƳƛƴ ǘƻ плɕ/κƳƛƴΦ 
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 Isotherm s 3.3.3.2.

The results of the isothermal experiments are used to find another set of 

parameters suited to model the isothermal cure of the RS-M135 resin with equation 

(3.7). The new sets of parameters are presented in Table 3.5. 

Table 3.5 Calculated parameters of the kinetics model for the isothermal cure of RS-M135 epoxy 
resin  

 

 

Figure 3.12 Fit of the kinetics model for the isothermal cure of RS-M135 resin 

The modelled curves obtained, presented in Figure 3.12, show a good fit with the 

ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ŀǘ мрɕ/ ŀƴŘ нрɕ/Φ However, the curve obtained at 10ɕ/ presents 

quite a large discrepancy with the one obtained using the mathematical model. In 

the mathematical model, the temperature and degree of cure are considered ideal, 
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which is not representative of the reality during the experiment. This is especially 

true when extreme values of temperatures or heat rate are used, thus leading to 

more divergences between the experimental values and calculated ones. 

 Summary 3.3.3.3.

Investigating the cure of the RS-M135 epoxy resin under dynamic heating and 

isothermal conditions confirmed the autocatalytic nature of its cure reaction. A 

model of the cure kinetics was fitted to both dynamic heating settings and 

isothermal cure. A discrepancy between the set of parameters obtained for the 

isothermal cure and the dynamic cure is observed, but this is likely due to 

experimental errors on the isothermal data. It is likely that better isothermal curves 

would have provided a set of parameters close enough to the dynamic ones to 

consider a single fitting model for both experimental settings. The model developed 

for isothermal cure shall nonetheless be used in section 3.5 to determine the 

degree of cure at gelation, as well as in chapter 6 for the interpretation of the 

dielectric sensor prototype response.  

 Rheology of the RS-M135 epoxy resin during cure  3.4.

In their uncured state, thermosetting resins are viscoelastic materials exhibiting 

properties of non-Newtonian fluids (Franck 2004). During cure, the polymer chains 

grow and a three dimensional crosslinking reaction takes place between the long 

polymer chains, as explained in 3.2.1. Because chains have less and less mobility as 

the reaction progresses and the three dimensional network forms, the viscosity of 

the resin increases continuously until the material becomes solid. It is thus possible 

to follow the cure of a resin by following the variation of its viscosity with time 

(Kenny et al. 1990; Lapique and Redford 2002). When the crosslinking of the long 

polymer chains becomes prevalent over the mobility of the said chains, the polymer 

reaches its gel point and an abrupt increase in viscosity is observed. The sudden 
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increase in viscosity marks the onset of gelation, the actual gelation taking place a 

few minutes after the sudden change in viscosity (Karkanas and Partridge 2000). 

The dielectric properties of epoxy resins are closely linked to their viscosity. 

Therefore, investigating the changes in the viscosity of the resin as it cures provides 

valuable information that shall be later linked to the dielectric sensor prototype 

results.  

 Experimental protocol  3.4.1.

The investigation of the RS-M135 thermoset epoxy resin was done using a 

controlled strain experiment. A rotational oscillatory shear test was performed on 

the epoxy resin during its cure using a Malvern Bohlin Gemini Nano rheometer. The 

curing resin was placed in a 150 micron gap between two disposable circular 

parallel plates of a diameter 25 mm, as shown schematically in Figure 3.13. In order 

for the curing reaction to start at the beginning of the experiment, the resin and 

hardener were mixed right before a few drops were put between the plates. The 

distance between the plates was then set at 150 microns and the excess resin at the 

edge of the plates was cleaned with a spatula. The system was either left at room 

temperature or placed in a small crucible to control the ambient temperature. The 

recording of the measurements was started, the setting of the parameters and data 

collection being achieved by the mean of the Bohlin R65103 software provided with 

the rheometer. 

 

Figure 3.13 Geometry of the oscillatory shear test 

Oscillating plate 

Resin sample 

Fixed plate 
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During the test, the sample was ŜȄǇƻǎŜŘ ǘƻ ŀ ŦƛȄŜŘ ǎƛƴǳǎƻƛŘŀƭ ǎǘǊŀƛƴ ʴ όƻǊ 

ŘƛǎǇƭŀŎŜƳŜƴǘύ ƻŦ лΦллм ǿƛǘƘ ŀƴ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅ ƻŦ м IȊΦ ¢ƘŜ ǘƻǊǉǳŜΣ ƻǊ ǎǘǊŜǎǎ ˋv 

transmitted to the fixed plate was monitored as the resin cured and its viscosity 

increased. 

In the linear domain of the polymer viscoelasticity (small displacement), the 

storage modulus, the viscosity of a material is defined as the ratio between the 

force (stress) to the deformation rate (shear) (Deshpande 2009). 

Assuming a sinusoidal strain: 

ǿƘŜǊŜ ʴ0 ƛǎ ǘƘŜ ŀƳǇƭƛǘǳŘŜ ƻŦ ǘƘŜ ǎǘŀƛƴ ŀƴŘ ˖ ǘƘŜ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅ ƻŦ the 

excitation, the stress is expressed by: 

ǿƘŜǊŜ ˖ ƛǎ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜ ŜȄŎƛǘŀǘƛƻƴΣ ˋv ǘƘŜ ǎǘǊŜǎǎΣ ʴ ǘƘŜ ǎǘǊŀƛƴ ŀƴŘ ʵv the 

ǇƘŀǎŜ ōŜǘǿŜŜƴ ǎǘǊŜǎǎ ŀƴŘ ǎǘǊŀƛƴΦ DΩ ƛǎ ǘƘŜ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ŀƴŘ DΩΩ ƛǎ ǘƘŜ ƭƻǎǎ 

modulus. The complex viscosity of a material is linked to these quantities by the 

relations: 

DΩ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ ŜƴŜǊƎȅ ǘƘŀǘ ǘƘŜ ǾƛǎŎƻǳǎ ǎȅǎǘŜƳ ƛǎ ŀōƭŜ ǘƻ ǎǘore and 

ǊŜǎƛǘǳŀǘŜΣ ǿƘƛƭŜ DΩΩ ƛǎ ǘƘŜ ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǘŜŘ ŘǳŜ ǘƻ ǘƘŜ ŦǊƛŎǘƛƻƴ ƻŦ ǘƘŜ ǾƛǎŎƻǳǎ 

–
„

‎
 (3.10) 

‎ ‎ÓÉÎ‫ὸ (3.11) 

„ „ ÓÉÎ‫ὸ ‏ ‎ Ὃ ‫ ÓÉÎ‫ὸ Ὃ ‫ὧέί‫ὸ (3.12) 

ȿ–ȿz – –  (3.13) 
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Ὃ

‫
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medium. Thus, the elastic modulus dominates in the case of solid materials, while 

viscous liquids are governed by the loss modulus. The loss factor ÔÁÎɿ  

translates the viscous character of the material tested. When tanɻ <1, the loss 

modulus prevails and the material is considered a viscous liquid. When tan>ɻ1, the 

material behaviour verges towards that of a solid.  

During the resin cure, its behaviour evolves from viscous liquid to glassy solid. 

Therefore, the evolution of the elastic and viscous modulus gives indications about 

the advancement of the crosslinking reaction and can be used to characterise the 

cure of the system. 

 Experimental results  3.4.2.

In order to investigate the viscosity variations of the RS-M135 epoxy resin during 

ŎǳǊŜΣ ǘǿƻ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻŦ ŎǳǊŜ όŀƳōƛŜƴǘ ŀƴŘ плɕ/ύ were tested. The two 

experiments were carried out using the protocol presented in section 3.4.1.  

 Ambient  temperature cure  3.4.2.1.

¢ƘŜ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ όDΩύΣ ǾƛǎŎƻǳǎ ƳƻŘǳƭǳǎ όDΩΩύ ŀƴŘ ƭƻǎǎ ŦŀŎǘƻǊ όǘŀƴ )ɻ recorded 

during the cure of epoxy resin at нлΦу ɕ/ ŀǊŜ ǎƘƻǿƴ ƛƴ Figure 3.14. 
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Figure 3.14 Evoƭǳǘƛƻƴ ƻŦ ǘƘŜ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ όDΩύ ŀƴŘ ǾƛǎŎƻǳǎ ƳƻŘǳƭǳǎ όDΩΩύ ǾŜǊǎǳǎ ǘƛƳŜ ŘǳǊƛƴƎ ǘƘŜ 
cure of RS-M135 ŜǇƻȄȅ ǊŜǎƛƴ ŀǘ ¢ҐнлΦу ɕ/ ŀƴŘ ŦҐмIȊ 

At the beginning of the cure, the signals for all the quantities are very noisy. 

According to the data provided by the resin manufacturer, the uncured mixture of 

resin and hardener has a viscosity of around 200 mPa at room temperature, which 

is too low for the apparatus detection range. In the case of the viscous modulus, the 

noise diminishes around 50 minutes. The elastic modulus stabilises around 110 

minutes after the start of the recording. 

The viscous modulus curve exhibits an almost linear increase from 2 Pa to 

7.4x104 Pa after 300 minutes of reaction. Around 125 minutes after the start of the 

experiment, a small shoulder in the curve is observable.  A corresponding shoulder 

is clearly visible at the same time on the elastic viscosity curve.  

After the initial scattered measure points around 1 Pa, the value of the elastic 

viscosity starts to increase 100 minutes after the start of the experiment. It reaches 

a plateau of 40 Pa between 145 and 185 minutes. Afterwards, the curves exhibit a 

linear increase up to 1.4x104 Pa at the end of the experiment.  
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The loss factor presents two maximums: one is observable around 100 minutes, 

when the value of the elastic modulus becomes high enough to be recorded by the 

rheometer. The second maximum takes place around 180 minutes, when the slope 

of the elastic modulus changes. 

According to Tung and Dyne, (Tung and Dynes 1982) the gel point of the resin 

can be estimated using the viscous and elastic modulus curves. In the liquid state of 

the resin, the viscous properties of the resin dominatesΣ ǘǊŀƴǎƭŀǘƛƴƎ ǘƻ DΩΩҔDΩΦ !ǎ ǘƘŜ 

resin cures and the 3D network starts to appear, the resin solidifies, its elastic 

respoƴǎŜ ǘŀƪŜǎ ƻǾŜǊ ǘƘŜ ǾƛǎŎƻǳǎ ƻƴŜ ŀƴŘ DΩҔDΩΩΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǘƛƳŜ ŀǘ ǿƘƛŎƘ ǘƘŜ 

viscous modulus and elastic modulus curves intersect is a good estimate of the gel 

point of the resin. The intersection point is not visible on the experiment at ambient 

temperature due to the limitation in recording time; however, it is possible to 

extrapolate the curves for the viscous and elastic modulus, as shown in Figure 3.15. 

 

Figure 3.15 Evolution of thŜ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ όDΩύ ŀƴŘ ǾƛǎŎƻǳǎ ƳƻŘǳƭǳǎ όDΩΩύ ǾŜǊǎǳǎ ǘƛƳŜ ŘǳǊƛƴƎ ǘƘŜ 
cure of RS-M135 ŜǇƻȄȅ ǊŜǎƛƴ ŀǘ ¢ҐнлΦу ɕ/ ŀƴŘ ŦҐмIȊΣ ŜȄǘǊŀǇƻƭŀǘŜŘΦ !-pregel stage, B-stage of 

gelation  
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With the help of this extrapolation, the gel time at room temperature is 

determined to happen around 390 minutes after mixing. However, this method of 

determining the gel time is dependent on the test frequency (Tung and Dynes 1982) 

and may not be accurate for all systemsΦ aŀǘŠƧƪŀ (aŀǘŠƧƪŀ 1991) proposed that the 

gel point corresponds instead to a sharp change in the slope of the elastic modulus 

curve. According to this theory, Figure 3.15 can be divided into two regions, A and 

B.  

Region A corresponds to a pre-gel stage of the resin. The cure reaction generates 

long 1D chains, increasing the molecular weight of the polymer. Because of this 

growing molecular weight, the real viscosity increases and therefore so does the 

viscous modulus, as shown by equation (3.14).  

In region B, the 1D polymer chains start to crosslink and form the 3D network. 

This region corresponds to the gel formation, and the elastic modulus increases 

rapidly as the resin solidifies. 

 The gel point of the polymer is thus determined using the second maximum of 

tan ,ɻ shown in Figure 3.14. For the RS-aмор ǊŜǎƛƴ ŎǳǊŜŘ ŀǘ нлΦу ɕ/ ǿƛǘƘ ǘƘŜ Ŧŀǎǘ 

hardener RS-MH134, it corresponds to 188 minutes after mixing. This gel point 

provides the very end of the practical limit for industrially processing the resin 

before it becomes too viscous.  

In reality, the manufacturer recommends a pot life of maximum 30 minutes after 

mixing the resin with the hardener for best results in infusion processes. 

 ψτ ȍ# ÃÕÒÅ 3.4.2.2.

The same experiment was repeated, this time keeping the temperature of the 

ǊŜǎƛƴ ŀǘ пл ɕ/Φ ¢ƘŜ ŎǳǊǾŜǎ ƻōǘŀƛƴŜŘ ŀǊŜ ǎƘƻǿƴ ƛƴ Figure 3.16. 
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Figure 3.16 Elastic modulus, viscous modulus and complex viscosity versus time during the cure of 
RS-aмор ŜǇƻȄȅ ǊŜǎƛƴ ŀǘ пл ɕ/ 

Similarly to the previous experiment, the signals for all the grandeurs are noisy at 

the beginning of the recording. In the case of the viscous modulus, the noise 

diminishes around 25 minutes, while it takes around 80 minutes for the elastic 

modulus. The viscous modulus curve exhibits a lot of scattering after 200 minutes, 

due once again to the apparatus detection limits. When the resin reaches its solid 

state, the rheometer still gives a false value to the complex viscosity despite the 

latter being above the upper detection levels of the apparatus.  

The viscous modulus curve exhibits a linear increase from 2 Pa to a maximum of 

4.4x105 Pa at 155 minutes. The elastic modulus linearly increases from 1 Pa at 70 

min to a final value plateau of 1.3x106 Pa around 175 min. No shoulder is visible on 

any of the curves. 

The change in the slope of the elastic modulus curve is not observable at that 

temperature. It is assumed that the resin reacts ǘƻƻ ǊŀǇƛŘƭȅ ŀǘ пл ɕ/ ŦƻǊ ǘƘŜ ǎƛƎƴŀƭs 

to be stable enough at the time gelation occurs. This confirms that a higher 

temperature of cure leads to a faster reaction.  
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Studying variations of the elastic and viscous modulus of the epoxy resin during 

cure provides an overview of the reaction profile. The experiment at room 

temperature gives an estimate of the gel point that might be observable on the 

dielectric curves as well. That profile shall be compared with the results obtained 

with the dielectric sensor prototypes in chapter 6. 

 Rheology and DSC experiments comparison  3.5.

The rheometry and DSC analysis of the resin provide complementary information 

on the cure mechanism of the RS-M135 resin.  

Using the isothermal model developed in section 3.3.3.2, the theoretical degree 

ƻŦ ŎǳǊŜ ƻŦ ǘƘŜ ǊŜǎƛƴ ǾŜǊǎǳǎ ǘƛƳŜ ŀǘ нлΦуɕ/ ƛǎ ŎŀƭŎǳƭŀǘŜŘΦ Lǘ ƛǎ ǇƭƻǘǘŜŘ ǿƛǘƘ ǘƘŜ ǊŜǎǳƭǘǎ 

of rheometry measurements at the same temperature in  Figure 3.17.  

 

Figure 3.17 Variations of the Elastic modulus, viscous modulus and degree of cure of the RS-M135 
ŜǇƻȄȅ ǊŜǎƛƴ ŀǘ нлΦуɕ/ 

The gel point obtained by using the change in the elastic modulus slope 

corresponds to a degree of cure of 58%, which is more in accord with the 

microscopic explanation of the gelation phenomena than the degree of cure of 81% 
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found by using the intersection between the curves of the elastic and viscous 

modulus. Gelation, corresponding to the point the 1D polymer chains are starting to 

create the final 3D network, is unlikely to take place near the end of the 

polymerisation reaction. The glass transition is expected at the end of the cure, 

marking the passage of the epoxy from a viscous medium to a glassy solid. 

Using the kinetics model, the degree of cure is calculated as a function of time 

ŦƻǊ ŀƴ ƛǎƻǘƘŜǊƳŀƭ ŜȄǇŜǊƛƳŜƴǘ ŀǘ плɕ/Φ The model obtained is superimposed to the 

curves of the dynamic viscometry experiment at the same temperature in Figure 

3.18. 

 

Figure 3.18 Variations of the elastic modulus, viscous modulus and degree of cure of the RS-M135 
ŜǇƻȄȅ ǊŜǎƛƴ ŀǘ плɕ/ 

!ǘ плɕ/Σ ǘƘŜ ƪƛƴŜǘƛŎs model indicates that the degree of cure reaches 58% one 

hour after mixing. Assuming that gelation happens at a set degree of cure, the gel 

point occurs while the elastic modulus is still very noisy, preventing the observation 

of the change in the elastic modulus slope. 
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The gel point of epoxies depends on the volume of the resin investigated during 

cure. Considering that the polymerisation reaction is exothermic, more material will 

produce more heat and therefore speed up the cure, whereas less material will cure 

more slowly. Moreover, the results obtained with the aforementioned viscometry 

experiments are likely to be incorrect: not only does finding an acceptable gel time 

require a different interpretation of the modulus curves than the one typically used 

for industrial grade epoxies, but the manufacturer indicates a pot life of 30 minutes 

(PRF Composite Materials, 2015b), which should be relatively close to the gel point. 

Using the standard gelation theory of Flory (Flory, 1953), the degree of cure at 

the gel point h gel is given by: 

where mamine and mepoxy  are respectively the moles of amine and epoxy reacting, 

and famine and fepoxy are the functionalities of the said amine and epoxy. Assuming 

the reactants are introduced in stoichiometric proportions,  

and thus equation (3.16) becomes: 

Using the values of famine=3 and fepoxy=2 provided by the manufacturer (PRF 

Composite Materials, 2015b), the advancement of the cure at gel point is 

theoretically equal to 50%. Therefore, the value of 58% found experimentally shall 

be used as the advancement at gel point for the rest of the present work. 

‌  
ά Ὢ

ά Ὢ Ὢ ρ Ὢ ρ
 (3.16) 

ά Ὢ  ά Ὢ  (3.17) 

‌  
ρ

Ὢ ρ Ὢ ρ
 (3.18) 
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 Chapter Summary  3.6.

In this chapter, the cure of the RM-S135 resin mixed with the fast hardener RS-

MH134 was investigated by way of rheometry and differential scanning calorimetry.  

The DSC experiments validated the autocatalytic nature of the resin cure 

reaction, and lead to the development of a cure kinetics model for both dynamic 

testing conditions and isothermal cure of the resin. In the present study, the resin 

investigated is cured at room temperature, but it is seldom the case in industry. 

Typically, the resin system is heated after infusion in order to achieve a quicker 

reaction. The developed models can therefore be used as a predictive tool for the 

behaviour of the resin in the case of a modification of the cure temperature. 

The data provided by the rheology measurements indicated that the gel point of 

this resin should be determined using the change in the slope of the elastic modulus 

rather than the crossover of the elastic and viscous modulus curves. This gel point 

was found to happen three hours after the mixing of the resin with the hardener for 

an experiment at room temperature. 

The results obtained in that chapter shall be compared to the experimental 

results provided by the new dielectric sensor prototypes presented in chapter 5 and 

chapter 6. 
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4. Theory of Dielectric Monitoring  

 

 

 

 Scope and objectives 4.1.

In this chapter, the principles behind dielectric monitoring are briefly explained 

before focusing on the different phenomena responsible for the dielectric 

behaviour of thermoset resins.  Electrical circuit equivalences for those phenomena 

are examined before presenting a simple electrical equivalent circuit for the sensor 

prototypes and their surroundings. 

 Dielectric monitoring principle  4.2.

As described in section 2.3.1, dielectric monitoring requires a sample of material 

placed in contact with two (or more) electrodes. A time-varying, typically sinusoidal 

voltage is applied, creating an electric field in the material investigated. This electric 

field generates a resulting time-varying current in the material, which is recorded. 

The induced current results from two main phenomena taking place in the bulk of 

the material investigated: conduction and polarisation. These two mechanisms will 

be described later in section 4.3. Because both of those phenomena are greatly 

affected by the cure reaction of a thermoset, the resulting current varies 

significantly during the process, thus providing a way to follow the curing reaction. 

The sinusoidal excitation voltage and resulting current can be expressed as: 
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where V0 an I0 are the amplitudes of the voltage anŘ ŎǳǊǊŜƴǘ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ˖ is 

the angular frequency of the signal and  the phase between the voltage and 

current. 

By using complex notation, the voltage and current expressions become: 

The admittance is then defined by : 

The real and imaginary parts of Y* are thus: 

and 

respectively. 

I0 and  are frequency dependent (Senturia and Sheppard Jr 1986), thus the 

admittance measured depends on the frequency of the excitation signal.  

ὺὸ ὠÓÉÎ‫ὸ (4.1) 

Ὥὸ ὍÓÉÎ‫ὸ •  (4.2) 
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 Theory of die lectric monitoring thermosets  4.3.

As discussed in section 2.3.1, thermosets resins such as epoxies are low loss 

material reacting to electric fields. They can be characterised by their complex 

ǊŜƭŀǘƛǾŜ ǇŜǊƳƛǘǘƛǾƛǘȅ ʶϝ Ґ ʶΩ-ƧʶΩΩΦ ¢Ƙƛǎ ǇŜǊƳƛǘǘƛǾƛǘȅ ƛǎ ŀ ǎǳƳ ƻŦ ǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴǎ ƻŦ 

several phenomena taking place when the resin is subjected to an electric field. 

They are presented in this subsection. 

 Charge migration  4.3.1.

Charged species mobile enough to react to the electric field applied are present 

in the epoxy resin. They can be ions remaining from the manufacture of the resin 

precursors or charged species due to the polymerisation process described in 3.2.1. 

Charges from the hydrogen bonds of the final cured 3D network can also be 

considered as a contribution to the conductivity of the curing resin (Mijovic and Fitz 

1998). Those charged species are able to move in the bulk of the material when an 

electric field is applied, dissipating the energy through movement. Assuming an 

electric field E, the velocity of the charged species is proportional to E by a factor u 

called mobility: 

where vi is the velocity of the charged species, u its mobility and E the electric 

field applied. 

The contributions of the different species present in the resin are cumulative and 

thus, the overall conductivity can be expressed as (Senturia and Sheppard Jr 1986): 

 

ὺ όὉ (4.9) 

„  ήὔό (4.10) 
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ǿƘŜǊŜ ˋ ƛǎ ǘƘŜ ƳŜŀǎǳǊŜŘ ŎƻƴŘǳŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ǊŜǎƛƴΣ ǉi the charge, Ni number of the 

charge carrier per unit of volume and u the mobility of the species i. It is assumed 

that the conductivity of epoxy resin is mainly due to free chloride and sodium ions 

resulting from the monomer fabrication (Fava and Horsfield 1968; Senturia and 

Sheppard Jr 1986).   

The ion migration phenomenon is dominant at low frequencies, where ions have 

time to move through the bulk of the material. It is responsible for the main 

contribution to the permittivity of the resin at those frequencies. That contribution 

is expressed by: 

ǿƘŜǊŜ ˋ ƛǎ ǘƘŜ ŎƻƴŘǳŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ǊŜǎƛƴΣ ˖ is the angular frequency of the 

excitation signal aƴŘ  ʶ0  is the permittivity of free space. 

In addition to the conduction phenomenon, two types of polarisation contribute 

to the permittivity of the material. They are described in the following sections. 

 Electrode polarisation  4.3.2.

Electrode polarisation is a local phenomenon due to a difference in the transfer 

rate of charges between the bulk of the material and the interface with the sensor 

electrodes. Because the exchange of charges between the electrode and the resin is 

slower than the migration rate of the charged species from the bulk of the material 

to the electrode, the said species accumulate near the electrode of opposed 

polarity and form a charged layer in the vicinity of it. This charged area close to the 

ŜƭŜŎǘǊƻŘŜ ƛǎ ŎŀƭƭŜŘ άŘƻǳōƭŜ ƭŀȅŜǊέ ŀƴŘ ǊŜǇǊŜǎented by db on Figure 4.1. 

‐  π (4.11) 

‐
„

‐‫
 (4.12) 
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Figure 4.1 Illustration of the electrode polarisation phenomenon 

The polarisation phenomenon is observable when the frequency of the 

excitation signal is low enough to allow the migration of the ions through the 

medium towards the electrodes.  

According to the model developed by Day et al. (Day et al. 1985), the 

contribution of the electrode polarisation to the permittivity of a parallel plate 

capacitor is: 

 

ǿƘŜǊŜ ʶΩbulk ŀƴŘ ʶΩΩbulk are the real and imaginary part of the complex permittivity 

of the bulk material, De is the distance between the two electrodes, and db is the 

double layer width shown in Figure 4.1. 

Because electrode polarisation depends on the accumulation of charges near an 

electrode, it is closely linked to the mobility and abundance of the said charges. 

Therefore, as both the mobility and the number of charged species plummet as the 
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epoxy resin cures due to the formation of the 3D network, electrode polarisation is 

usually observable at the beginning of the cure and at low frequency.  

 Dipolar relaxation  4.3.3.

Charged species are not the only species affected by the application of an electric 

field. Dipolar species such as molecules or molecular groups orientate themselves in 

the direction of the applied electric field. Dipoles can be divided into permanent 

dipoles and induced dipoles.  

Permanent dipoles are species whose asymmetrical geometry results in 

asymmetrical charge distribution and thus a permanent dipole moment. In the 

absence of electric field, the dipoles are oriented randomly, but when an electric 

field is applied, they tend to align their dipole moments with the field lines. When 

the electric field stops, they return to their original state (see Figure 4.2 a and b). 

This return can be hindered by the increasing viscosity of the curing resin or the 

formation of the 3D network. Therefore, some of the energy stored by the dipole is 

dissipated through the movement of the dipole returning to its initial position, or its 

potential interactions with other species created during the 3D network formation. 

In the case of an epoxy resin, the epoxy and amine groups of the reactant, the ςNHR 

groups presents on the intermediate products of the reaction and the ςOH and ςNH 

groups forming the final polymer are all permanent dipoles (Gallone et al. 2001). 

Contrarily to permanent dipoles, induced dipoles do not possess an intrinsic 

dipole moment in the absence of an electric field. The application of such a field 

modifies the spatial distribution of their electron cloud (Mijovic and Fitz 1998), 

creating a dipole moment (see Figure 4.2 c and d). Because their polarisation relies 

on the movement of electrons rather than the orientation of molecules, this 

phenomenon is almost instantaneous and does not dissipate energy through the 

movements of the dipoles. 
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(a) 

   

(b) 

     

(c) 

     

(d) 

Figure 4.2 Illustration of the polarisation effect (a) permanent dipoles randomly orientated in the 
absence of an electric field, (b) permanent dipoles orientated under the application of an electric field 

(idealised view, in reality, the dipoles tend towards an alignment with the electric field rather than 
achieve it), (c) induced dipoles in the absence of an electric field and (c) deformation of the electron 

cloud of induced dipoles in the presence of an electric field 

Using a Debye model for a spherical dipole with a single relaxation time, the 

contribution of dipoles to the permittivity is given by (Senturia and Sheppard Jr 

1986): 

‐  ‐
‐ ‐

ρ †‫
 (4.15) 

‐  
‐ ‐ †‫

ρ †‫
 (4.16) 
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ǿƘŜǊŜ ʶu is the uƴǊŜƭŀȄŜŘ ǇŜǊƳƛǘǘƛǾƛǘȅ ŀǘ ƘƛƎƘ ŦǊŜǉǳŜƴŎƛŜǎΣ ʶr is the fully relaxed 

ǇŜǊƳƛǘǘƛǾƛǘȅ ŀǘ ƭƻǿ ŦǊŜǉǳŜƴŎƛŜǎ ŀƴŘ ˍ ƛǎ ǘƘŜ ǊŜƭŀȄŀǘƛƻƴ ǘƛƳŜ ƻŦ ǇŜǊƳŀƴŜƴǘ ŘƛǇƻƭŜǎΦ  

Several relaxation times can be present, depending on the dipoles and their 

nature. However, the prevalence of the contribution coming from migrating charges 

to the permittivity makes it difficult to identify, single out and quantify potentially 

different relaxation times. Therefore, for the rest of this study, an average 

relaxation time for all dipoles will be assumed as a simplification. This relaxation 

time is affected by the formation of the 3D network during the resin cure. As the 

resin solidifies, the network hinders the dipole orientation, especially in the case of 

big molecules (Senturia and Sheppard Jr 1986). For that reason, the relaxation time 

increases during cure, and thus the permittivity of the epoxy resin is affected. 

 Other phenomena  4.3.4.

The movement of ions, electrode polarisation and dipole orientation are the 

three main contributions to the permittivity of epoxy resins. However, if the resin 

system is heterogeneous, such as containing conductive metallic particles (Tsangaris 

et al. 1998; Psarras et al. 2002) or fillers (Senturia and Sheppard Jr 1986), an 

additional interface polarisation is observable (Mijovic and Fitz 1998). Because of 

the impurities or additives present in the resin, this phenomenon is actually always 

present, but its contribution to the permittivity is too small compared to the 

aforementioned phenomena to be noticeable, especially when ionic conductivity 

dominates the permittivity (Tsangaris et al. 1998). 

It is important to note that the permittivity of any material is temperature 

dependent. Therefore, the temperature should be monitored at all time during 

dielectric measurements in order to ensure the variations of permittivity observed 

are caused by the cure of the resin only. 
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 Total permittivity  4.3.5.

The effects of the presented contributions to the permittivity of the resin are 

cumulative and thus the permittivity of epoxy resin is given by: 

The contribution of the electrode polarisation can be minimised by choosing a 

frequency range high enough to prevent the formation of the double layer. By 

further assuming that charge migration is prevalent over dipole orientation in the 

frequency range chosen, ḻ   and the previous equations simplify to: 

Lƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ˋ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ ŀǇǇŀǊŜƴǘ ŎƻƴŘǳŎǘƛǾƛǘȅ ŀƴŘ Ŏŀƴ ōŜ 

qualitatively linked to the degree of cure and viscosity. In thermoset resins, the 

apparent conductivity is inversely proportional to viscosity before gelation (Mijovic 

and Fitz 1998). During the cure of the resin, due to the process-induced 

temperature rise, the viscosity first drops, allowing an increased mobility of the free 

ions present in it, hence a higher conductivity. However, when the actual cross-

linking reaction begins in the polymer resin, the 3D network created increases the 
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viscosity, reducing the mobility of the ions and leading to an overall decrease in the 

conductivity. 

 Equivalent circuits  of the sensor prototype  4.4.

The dielectric permittivity can be directly correlated to an idealised electrical 

model circuit composed of macroscopic electric components (Mijovic and Fitz 

1998). That equivalence shall be discussed in the following section.  

 Relation between permittivity and admittance  4.4.1.

The complex permittivity of a material is an intrinsic value that cannot be directly 

measured. For that reason, dielectric monitoring relies on the measure of complex 

functions called immitance: the admittance Y*, complex impedance Z* or complex 

modulus M*. The choice of the quantity monitored depends on the phenomena 

studied. All the immitance functions are linked to each other via the angular 

ŦǊŜǉǳŜƴŎȅ ˖ ŀƴŘ ǘƘŜ ŀƛǊ ŎŀǇŀŎƛǘŀƴŎŜ /0 as shown in Table 4.1. 

Table 4.1 Relations between the different immitances (adapted from Macdonald 1987) 

The main difference between all the presented functions lies in their 

dependence with frequency. The complex admittance of the system is related by a 

very simple proportional relation to both the complex dielectric permittivity and the 

frequency. It shall thus be favoured in the present work. 
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 Equivalent circuits for the different phenomena  4.4.2.

The three main contributions to the permittivity described in 4.3 can be 

modelled by phenomenological electrical circuit analogies. The energy dissipative 

processes correspond to the behaviour of a resistance while the energy storage 

phenomenon can be assimilated to a capacitor (Mijovic and Fitz 1998).  

 Charge migration  4.4.2.1.

Assuming that charges are moving instantly when submitted to the field,  their 

movement through the material purely dissipates the energy of the electric field, 

thus corresponding to a simple resistance όaƛƧƻǾƛŏ et al. 1996): 

 

 Electrode polarisation  4.4.2.2.

The electrode polarisation phenomenon depends on several factors such as the 

shape of the electrodes and their surface characteristics, or the resin chemical 

composition. For that reason, developing a simple electric equivalent is much more 

difficult than simply using a combination of capacitors and resistances. Focusing on 

electrode polarisation as a parasitic phenomenon, Feldman et al. (2001) reviewed 

different approaches to representing the electrode polarisation. Their fractal 

approach, based on the theory that the electrical double layer is self-similar, gives 

the corresponding admittance: 

wƘŜǊŜ ˄ Ί ώлΣмϐ ƛǎ ǘƘŜ ŦǊŀŎǘŀƭ ŜȄǇƻƴŜƴǘΣ ! ƛǎ ŀ ǇŀǊŀƳŜǘŜǊ ŀƴŘ ˖ ƛǎ ǘƘŜ ŀƴƎǳƭŀǊ 

frequency, comprised in a certain range where the electrode polarisation self-
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similarity hypothesis is valid. This range depends on the electrode geometry and 

composition. LŦ ˄ҐлΣ ǘƘŜ ŜƭŜŎǘǊƻŘŜ ǇƻƭŀǊƛǎŀǘƛƻƴ ƛǎ ŀ ǊŜǎƛǎǘŀƴŎŜ ƻŦ !ό˄ύ hƘƳΦ LŦ ˄ҐмΣ ƛǘ 

ōŜŎƻƳŜǎ ŀ ŎŀǇŀŎƛǘƻǊ ƻŦ мκ!ό˄ύ CŀǊŀŘΦ Lƴ ōŜǘǿŜŜƴΣ ! ƛǎ ŀ ŦƛǘǘƛƴƎ ǇŀǊŀmeter whose 

ǳƴƛǘ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ˄Φ  

 Dipolar relaxation  4.4.2.3.

To represent the behaviour of dipoles relaxation in the resin, both induced 

dipoles and permanent dipoles have to be taken into account in the equivalent 

electrical model. As discussed in 4.3.3, induced dipoles react instantaneously and 

only the electron cloud is affected by the field, which does not dissipate energy. For 

that reason, they can be approximated by a simple capacitor Cind. Permanent 

dipoles both store and dissipate energy through their orientation in the electric 

field. Therefore, a capacitor Cperm and a resistance Rperm in series are necessary to 

account for their behaviour.  

The overall circuit for a single relaxation time dipolar relaxation is shown in 

Figure 4.3. 

 

Figure 4.3 Equivalent circuit for permanent and induced dipoles 

 If permanent dipoles with different relaxation times are present, for each 

relaxation times, another set of resistance and capacitance in series needs to be 

added in parallel to the previous circuit (Mijovic and Fitz 1998). However, as 

discussed in 4.3.3, a single mean relaxation time will be assumed for all present 

ŘƛǇƻƭŜǎΦ ¢Ƙƛǎ ǊŜƭŀȄŀǘƛƻƴ ǘƛƳŜ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ˍdip=RpermCperm. 

Cind  

Rperm Cperm
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The admittance of the dipole orientation circuit shown in Figure 4.3 is thus given 

by: 

 

 Overall circuit model of a thermoset resin  4.4.2.4.

The overall circuit of the thermoset resin comprises a representation for ion 

migration, electrode polarisation (E.P) and dipole orientation. The ion migration 

resistance (Rion) is added in parallel to the circuit corresponding to the dipole 

orientation. The electrode polarisation is symbolized by two impedances (one for 

each electrode) in series with the contribution of dipoles and ions. The overall 

circuit is presented in Figure 4.4. 

 

Figure 4.4 Equivalent circuit of a thermoset resin  

The model parameters are determined by using the spectra of the uncured resin 

acquired with the final sensor between 1Hz and 10 kHz (see section 6.5.1). Those 

parameters are given in Table 4.2 and the corresponding modelled spectra are 

shown in Figure 4.5. The blue zone corresponds to the frequency range studied in 

the present work. 
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Table 4.2 Parameters used in the theoretical electrical circuit model of the RS-M135 epoxy resin 
system 

 

 

Figure 4.5 Real and imaginary admittance of the uncured RS-M135 epoxy resin electrical 
equivalent circuit. In blue, the frequency range investigated in the present study 

By plotting the spectra of the different contributions with the admittance spectra 

in Figure 4.6 a and b, it is notable that the electrode polarisation is only prevalent at 

low and high frequencies. In the frequency range studied (1 Hz - 10 kHz), charge 

migration is the main contribution to the real part of the admittance, while the 

imaginary part is mostly impacted by dipole orientation.  
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(a) 

 

(b) 

Figure 4.6 Real (a) and Imaginary (b) admittance of the uncured RS-M135 epoxy resin electrical 
equivalent circuit and the contributions of electrode polarisation, dipolar orientation and charge 

migration 

As highlighted in section 4.3, ionic conductivity is the main contribution to the 

dielectric properties of the epoxy resin in the frequency range studied. During the 
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cure reaction, the mobility of the ions is hindered by the increased viscosity and 

formation of the 3D network. As a result, Rion increases with time. To imitate that 

effect on the admittance obtained with the theoretical model, the value of Rion is 

varied while keeping all the other parameters identical. The resulting curves are 

shown in Figure 4.7. 

The spectra presented here shall be compared to the one obtained by the sensor 

prototypes during the resin cure in chapters 5 and 6 in order to validate ion 

migration as the main contribution to the epoxy resin permittivity.  
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 (b) 

Figure 4.7 Effect on an increase of Rion on the real (a) and imaginary (b) admittance of the RS-
M135 epoxy resin electrical equivalent circuit 

Despite the complexity of the cure mechanisms of a thermoset resin at a 

molecular level, the equivalent circuit for the dielectric sensor prototype and the 

curing resin can be further simplified. Assuming that ions migration is the main 

contribution to the dielectric properties of the studied material, and that all the 

microscopic losses can be grouped into a single capacitor, the resin system becomes 

a simple circuit formed of a capacitance and a resistance in parallel (Mijovic and Fitz 

1998). 

 Equivalent circuit of the overall sensor + resin system  4.4.3.

If the microscopic phenomena taking place during the cure of an epoxy resin can 

be modelled by using an electrical circuit equivalent, it is likewise possible to 

describe macroscopic variations, such as the filling of the infusion mould, as discrete 

electrical component equivalents.  
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 Dry sensor 4.4.3.1.

The dielectric sensor in air can be represented by an RC parallel circuit. The 

resistance and capacitance take into account the characteristics of the dry sensor 

environment before infusion. Because the sensor itself is made of different 

material, such as Kapton® adhesive film and PEEK (see sections 5.2.2 and 5.2.3), the 

contribution of the different materials surrounding the wires is to be taken into 

account in the characteristics of the RC model. The vacuum bag, breathing fabric 

and potential reinforcement layer placed on top of the sensor before the infusion 

process (described in chapter 2.2.3.2) also add their contributions to the electrical 

properties of the dry sensor. An equivalent circuit of the whole system is given in 

Figure 4.8. 

 

Figure 4.8 Equivalent circuit of the sensor in air 

 

 Resin infusion  4.4.3.2.

When the resin starts to flow on top of the dielectric sensor, the electrical circuit 

can be divided into two sections: the part of the sensor wetted and the part that is 

still dry. They can be represented by two parallel circuits, shown in Figure 4.9. 
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Rsensor 
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Figure 4.9 Equivalent circuit of the partially covered sensor 

Assuming that the resin infusion is much quicker than the resin cure, the 

variations in the admittance measured are primarily due to the difference of 

permittivity between air and the resin being drawn on top of the sensor. The sensor 

detects a variation at the macroscopic level rather than a change at the molecular 

level in the resin itself.  By following the variation of the admittance, it is thus 

possible to follow the filling of the mould (Skordos et al. 2000). 

 Resin cure 4.4.3.3.

Once the filling of the mould is complete, the equivalent electrical circuit of the 

sensor fully covered with resin is once again a simple RC circuit, given in Figure 4.10. 

However, its characteristics are modified by the resin now covering the electrodes.  

 

Figure 4.10 Equivalent circuit of the sensor fully covered by epoxy resin 

The dry part of the circuit presented in Figure 4.9 has disappeared and only 

remains the wetted part. At that point, it is assumed that the observed variations of 

Ctot 

Rtot 
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the admittance are only linked to the curing process of the resin, as the system on 

top of the sensor no longer varies on a macroscopic level.  

At the end of the cure, when the resin permittivity no longer varies, the system 

composed of the sensor and the cured resin (with potential reinforcement) can 

likewise be assimilated to another RC circuit. The values of the resistance and 

capacitance for this new circuit depend on the final composite plate. Thus, it would 

be theoretically possible to detect defects such as porosity in the final composite 

plate by comparing the values recorded for the corresponding RC circuit to those 

obtained for a perfectly manufactured composite. 

 Chapter Summary  4.5.

Epoxy resin is a dielectric material characterised by its permittivity. Two main 

phenomena contribute to the said permittivity: migration of the ions present in the 

material and polarisation, which can be sub-divided into electrode polarisation and 

orientation of the dipolar species existing in the resin. Because the formation of the 

three dimensional network of the polymer affects all of these mechanisms, the 

permittivity of the resin varies as the cure reaction progresses. Thus, it is possible to 

follow the curing reaction by investigating the changes in permittivity with time. 

Permittivity is an intrinsic value of the resin, which can be linked to its 

admittance.  Working with the admittance allows the development of an electrical 

circuit analogy for each phenomenon present in the resin and thus an overall 

representation of the resin system is developed using electrical equivalences. By 

choosing the frequency range of the excitation signal so that electrode polarisation 

is negligible and ion migration prevails, the curing resin can be assimilated to a 

resistance and capacitor in parallel. The microscopic phenomena taking place in the 

resin as it cures can thus be followed by following the variations of the said 

capacitance and resistance with time. 
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On a macroscopic level, the whole sensor prototype can also be represented by 

RC parallel circuits while in air or covered by resin. In that case, the variations of the 

resistance and capacitance depend on a change in the environment of the sensor 

rather than chemical phenomena. Thus, the infusion of epoxy resin on top of the 

sensor can be monitored by following the admittance as a function of time. 

Lƴ ǇǊŀŎǘƛŎŜΣ ŦƻƭƭƻǿƛƴƎ ¸Ω ŀƴŘ ¸ΩΩ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜ ŀƴŘ ŦǊŜǉǳŜƴŎȅ shall allow 

the new dielectric sensor developed in the present work to be operational along the 

whole process of infusion, from the mixing of the resin to the final composite plate. 

This shall be discussed in chapter 5 and chapter 6.  
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5. Preliminary Dielectric Sensor Prototypes : Development 

and Characterisation  

 

 

 

 Scope and objectives  5.1.

As seen in section 4.3, dielectric monitoring techniques are theoretically suitable 

to follow the entire infusion process of an epoxy resin. However, the sensing 

devices used for data recording are yet to be adapted to an industrial scale and 

tested for reinforced composites. To that end, the present research develops an 

entirely new dielectric sensor. This device has to be designed before being 

manufactured and tested. In order to validate the viability and geometry of the final 

prototype, several devices are developed and tested prior to building the final 

sensor. They are discussed in this chapter, after a brief presentation of the material 

and methods used for the infusion process of composite plates. 

 Sensor  prototype s manufacture  5.2.

The work of A.Skordos, (Skordos et al. 2000) proved that two flat electrodes 

placed at the bottom of an infusion mould were able to follow the filling of the said 

mould and the cure of an RTM resin. Because of the advantages of a co-planar 

sensor described in section 2.3.2.2, it has been decided that the sensor prototype 

developed in the present work would consist on an array of evenly spaced flat 

electrodes, destined to be placed at the bottom of an infusion mould. The length of 

the electrodes corresponds to the direction of the resin flow, and the design formed 
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of multiple electrodes allows for the potential investigation of the effect of 

electrode spacing on the dielectric response, as described in section 2.3.2.2. Those 

electrodes are kept in place by mean of a matrix that shall be discussed later in this 

chapter. 

The choice of the material constituting the electrodes predictably turns to 

copper, due to its good electrical conductivity (59.6x106 S·m-1) and wide availability. 

However, the material composing the sensor substrate needs to be defined. This 

material must meet several industrial requirements, such as being flexible, in order 

to place the sensor in an existing infusion mould, resistant to high temperatures, 

and able to withstand numerous cycles of infusion process and de-moulding. In the 

interest of an industrial application in the wind turbine industry, it should also be 

possible to manufacture it in relatively large quantities.  

In order to design and test the applicability of the proposed geometry, several 

sensor prototypes were considered and investigated. 

 PCB sensor  5.2.1.

A first suggestion was to use flexible printed circuit boards (PCBs). Consisting of a 

thin layer of conductive material, usually copper, printed on flexible plastic 

substrates, PCBs allow precise control over the geometry of the printed conductor. 

IƻǿŜǾŜǊΣ Ƴŀƴȅ ŦƭŜȄƛōƭŜ ŎƛǊŎǳƛǘǎ Řƻ ƴƻǘ ǇŜǊŦƻǊƳ ǿŜƭƭ ŀōƻǾŜ мрл ɕ/Σ ƭƛƳƛǘƛƴƎ ǘƘŜƛǊ 

application in the case of infusion processes. Some manufacturers propose flexible 

ŎƛǊŎǳƛǘ ƳŀǘŜǊƛŀƭ ǘƘŀǘ Ŏŀƴ ǇŜǊŦƻǊƳ ŦƻǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ǳǇ ǘƻ ннр ɕ/Σ ōǳǘ ǘƘŜǎŜ ƻǇǘƛƻƴǎ 

are limited. Further concerns can be raised about the durability of the sensor: the 

thickness of the conductive layer deposited on top of the flexible substrate ranges 

ŦǊƻƳ мл ǘƻ млл ˃Ƴ ŀƴŘ ǿƛǘƘƻǳǘ ŀƴȅ additional protection, the conductive layer is 

directly in contact with the resin, therefore likely to be damaged by successive 

infusions. 
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A preliminary test of small PCB sensors, shown in Figure 5.1, was nonetheless 

carried out but the inconclusive results lead to shifting the focus to another design. 

 

Figure 5.1 Prototype of a small PCB based sensor 

 

 Kapton ® film prototype  5.2.2.

In order to test the suitability of the dimensions proposed for the sensor, a very 

simple prototype was made by laying two couples of parallel flat copper wires 0.05 

mm thick and 1.5 mm wide on top of a 400 x 450 mm aluminium plate, effectively 

creating two independent sensors. The distance between the electrodes of each 

sensor was 2 mm and 5 mm respectively. Those two sensors will be referred to as 

SK1 for the 2 mm spaced electrodes and SK2 for the 5 mm spaced electrodes. Those 

electrodes were insulated from the aluminium plate, held in place and protected by 

Kapton® tape, as shown in Figure 5.2. 

 

Figure 5.2 Schematic of the Kapton® sensor layout 
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Kapton® is a polyimide film develoǇŜŘ ōȅ 5ǳtƻƴǘϰ ǇǊŜǎŜƴǘƛƴƎ ŀ ƎƻƻŘ ǊŜǎƛǎǘŀƴŎŜ 

to heat and mechanical stress. In the present study, it is also used as a release film 

ŘǳǊƛƴƎ ǘƘŜ ƛƴŦǳǎƛƻƴ ŀƴŘ ŎǳǊŜ ƻŦ ǘƘŜ ŜǇƻȄȅ ǊŜǎƛƴΦ ¢ƘŜ YŀǇǘƻƴϯ ǘŀǇŜ ƛǎ ŀ нрΦп ˃Ƴ ǘƘƛŎƪ 

film made adhesive by the addition of a silicon adhesive to one of its side.  

The aluminium plate on which the copper wires were attached was placed on an 

aluminium bench, electrically grounding the system and ensuring the electric field 

was created only in the material placed on top of the wires, effectively creating a 

half-cylinder shape. One end of each copper electrode was soldered to a female 

BNC cable connector (https://uk.rs-online.com/web/p/bnc-connectors/5121174/) 

in order to be connected to the dielectric measurement device (see section 5.3.3). 

The other end was left free. 

This sensor was tested to follow an infusion of glycerol, before monitoring the 

infusion and cure of epoxy resin and glass fibre reinforced composite plates.  The 

results obtained with this sensor will be presented further in this chapter in section 

5.4.1. 

 First PEEK-based prototypes  5.2.3.

After validating the overall geometry of the sensor prototype using the 

aforementioned Kapton® sensor, the development of a flexible sensor was carried 

out and two new sensor prototypes were manufactured. The aim of these 

prototypes was to validate the sensor fabrication protocol, as well as to choose 

between two possible device configurations, discussed later in this section. 

The matrix chosen to encase the copper electrodes was polyetheretherketone 

(PEEK). PEEK is a semi-crystalline thermoplastic extremely resistant to mechanical 

stress and stable at high temperature, thus making it a suitable material for the 

sensor fabrication and industrial use. It presents a glass transition point around 

мпоɕ/, but does not melt under 343ɕ/Φ ¢ƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ǳǎŜǎ ǘƘŜ !t¢L±ϯ мллл 
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Series Films from Victrex® (www.aptivfilms.comύ ƛƴ ǘǿƻ ǘƘƛŎƪƴŜǎǎŜǎΥ мн ˃Ƴ ŀƴŘ мнр 

˃ƳΦ 

The overall concept of the sensor prototypes is to include the copped electrodes 

into a PEEK matrix providing a flexible and protective support. In order to embed 

the electrodes into the PEEK matrix, the wires were placed in contact with solid 

PEEK sheets in a precise layout described further in this section. The PEEK and wire 

system was then put under pressure in a heating press and heated until the melting 

point of the PEEK. At that stage, the PEEK flowed and enclosed the wires. After 

cooling down, the PEEK matrix solidified around the copper wire electrodes and a 

flexible sensor prototype was obtained.  

In order to maintain the copper wires parallel during the whole process, a 

guiding tool was designed and built. It consisted of a 400 x 300 mm, 20 mm thick 

aluminium plate, cut on two opposite sides with sixty 2 mm wide gouges placed 5 

mm apart, as shown in Figure 5.3. 

 

Figure 5.3 Illustration of the copper wire guiding tool 

http://www.aptivfilms.com/
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The purpose of these gouges was to keep the copper wires evenly spaced and 

parallel to each other during the melting of the PEEK in the heated press.  

Two distinct layouts were tested for the prototype manufacture, as shown in 

Figure 5.4 and Figure 5.5. For both prototypes created, the same protocol was 

followed: the guiding tool was first covered by a Kapton® release film before PEEK 

sheets were added. Eight parallel flat copper wires were cut from the same 0.05 

mm thick and 1.5 mm wide flat copper wire used in section 5.2.2 for the Kapton® 

sensor. They were cleaned with acetone, dried and placed on top of the PEEK in 

adjacent slots of the guiding tool. The wires  were put under tension and taped at 

the bottom of the guiding tool. Depending on the prototype layout, a second set of 

PEEK films might be added. The whole system was covered with another Kapton® 

release film and an aluminium plate. The stack was placed at ambient temperature 

in a heating press, put under a presǎǳǊŜ ƻŦ мл ōŀǊǎ ŀƴŘ ƘŜŀǘŜŘ ŀǘ отл ɕ/ ŦƻǊ нл 

minutes before cooling down. The pressure was maintained during the cooling 

down until the temperature reached ambient. The temperature ramp during the 

cooling down was not controlled.  

One sensor prototype was formed by layering two 150 x 250 mm sheets of 12 

˃Ƴ ǘƘƛŎƪ t99Y ŦƛƭƳ ƻƴ ǘƻǇ ƻŦ ǘƘŜ ǎŜƴǎƻǊΣ ŀŘŘƛƴƎ ǘƘŜ ŎƻǇǇŜǊ ǿƛǊŜǎΣ ŀƴŘ ŎƻǾŜǊƛƴƎ 

ǘƘŜƳ ǿƛǘƘ ŀƴƻǘƘŜǊ ǘǿƻ ǎƘŜŜǘǎ ƻŦ мнΦр ˃Ƴ t99Y ŦƛƭƳ όFigure 5.4). As the PEEK 

melted, it encased the wires before solidifying around them during the cooling 

down. This sensor will be referred to as SP1. 
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Figure 5.4 Schematic fabrication of the "sandwich" PEEK sensor (SP1) 

The second prototype sensor consisted ƻŦ ŀ мрл Ȅ нрл ƳƳΣ мнр ˃Ƴ ǘƘƛŎƪ t99Y 

film on top of which the copper wires were placed, before being covered directly by 

the Kapton® release film and aluminium plate (Figure 5.5). In order to ensure a good 

repartitiƻƴ ƻŦ ǘƘŜ ƳŜƭǘŜŘ t99YΣ млл ˃Ƴ ǘƘƛŎƪ shims were placed at all four corners 

of the PEEK rectangle. As the PEEK melted, the wires were pressed down under the 

10 bars load. The final product was a sensor in which the copper wires were level 

with the surface of the PEEK, rather than inside it. This sensor will be referred to as 

SP2. 

 

Figure 5.5 Schematic fabrication of the one-sided PEEK sensor (SP2) 

For both sensors, the surface in contact with the infused medium was covered 

with Kapton® tape. This step added an additional protection layer for the electrodes 

and facilitated the removal of the material investigated after each experiment. In 
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the case of the SP2 sensor, the infusion took place on the PEEK rich side (bottom 

side on Figure 5.5).  

Similarly to the Kapton® sensor, females 50 Ohm BNC cables connectors were 

soldered onto one extremity of each copper electrode while the other one was left 

free. The copper electrode extremities, having been oxidised by the heating in the 

press, were etched with a 10% HCl solution before being soldered.  

The two sensors obtained were flexible, did not present air bubbles or visible 

defects in the PEEK matrix. They were sturdy enough to undergo infusion 

experiments. The sensor SP2, formed of a thicker sheet of PEEK, was less flexible but 

easier to manipulate and overall more robust.  

The two prototypes were tested by following the infusion of glycerol. The results 

are given in section 5.4.2, further in this chapter. 

 Composite plate s manufacture and monitoring  5.3.

In order to test the response of the dielectric sensor in industrial conditions, 

several infusions needed to be performed, with and without glass fibre 

reinforcement. They followed a similar procedure than the one described in 2.2.3.2. 

 Composite material components  5.3.1.

The composite materials used for the present research project have been 

generously provided by PRF Composite Materials (http://www.prfcomposites.com/)  

The epoxy resin used in this study is the RS-M135 (PRF Composite Materials, 

2015b). It is a bisphenol A based resin, formulated for the fabrication of glass, 

carbon and aramid fibre reinforced composites. This resin is more specifically 

designed for applications in shipbuilding, wind turbines and sports equipment. Its 

ultra-low viscosity of 200 mPa at нрɕ/ ƳŀƪŜǎ ƛǘ ƛŘŜŀƭ ŦƻǊ ƛƴƧŜŎǘƛƻƴ ƳƻǳƭŘƛƴƎ ƻǊ 

http://www.prfcomposites.com/
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vacuum infusion. The processing of the ǊŜǎƛƴ Ŏŀƴ ōŜ ƳŀŘŜ ōŜǘǿŜŜƴ мл ɕ/ ŀƴŘ рл ɕ/ 

and its operating temperature ranges from -сл ɕ/ ǘƻ сл ɕ/ ǿƛǘƘƻǳǘ ǇƻǎǘŎǳǊŜΣ ŀƴŘ ǳǇ 

ǘƻ ул ɕ/ ǿƛǘƘ ǇƻǎǘŎǳǊŜΦ ¢ƘŜ ǇƻǎǘŎǳǊŜ ǇǊƻŎŜǎǎ ƛs briefly explained later in this section. 

 Some relevant resin properties are presented in Table 5.1. 

Table 5.1 RS-M135 resin properties 

The epoxide value given in Table 5.1 represents the number of epoxide groups 

per gram of resin. It is given by: 

The RS-M135 resin cure reaction starts when the resin is mixed with a hardener. 

Two types of the said hardener are proposed by the manufacturer, a slow one and a 

fast one. The hardener system chosen in the present study is the fast hardener RS-

MH134 (PRF Composite Materials, 2015b). This amine based hardener allows a 20 - 

30 minutes pot life for the mixed resin. Some of its properties are given in Table 5.2. 

Table 5.2 RS-MH134 hardener properties 

The amine value corresponds to the weight of potassium hydroxide (KOH) 

needed to neutralise 1 g of hardener, representing the active hydrogen (NH) 

content of the hardener. 

The ratio of resin to hardener is given by the manufacturer as 10:3 in weight. 

After the hardener and the resin are mixed, the mixture cures at room temperature 

5Ŝƴǎƛǘȅ ŀǘ нрɕ/ 
(g.cm-3) 

±ƛǎŎƻǎƛǘȅ ŀǘ нрɕ/ 
(mPa.s) 

Epoxide equivalent Epoxide value 

1.13-1.17 700-1100 166-185 0.54-0.60 

ὩὴέὼὭὨὩ ὩήόὭὺὥὰὩὲὸ
ρ

ὩὴέὼὭὨὩ ὺὥὰόὩ
ρzπππ (5.1) 

5Ŝƴǎƛǘȅ ŀǘ нрɕ/ όƎΦŎƳ-3) ±ƛǎŎƻǎƛǘȅ ŀǘ нрɕ/ όƳtŀΦǎύ Amine value (mgKOH.g-1) 

0.94-1.00 10-50 166-185 
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(20 - нрɕ/ύΣ ŎƘŀƴƎƛƴƎ ŦǊƻƳ ŀ ŎƭŜŀǊ ǾƛǎŎƻǳǎ ƭƛǉǳƛŘ ǘƻ ŀ ǘǊŀƴǎƭǳŎŜƴǘ ǊƛƎƛŘ ƳŀǘŜǊƛŀƭΦ Lǘ Ŏŀƴ 

then undergo a heat treatment at 40 - мрл ɕ/ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ƻǾŜǊŀƭƭ ƳŜŎƘŀƴƛŎŀƭ 

properties of the composite. This heat treatment is called postcure. The main focus 

of the present study is on the curing process itself, and not on the final composite 

plate. The mechanical properties of the manufactured composite are thus irrelevant 

for the present work and the postcure heat treatment was purposefully omitted 

while manufacturing the composite plates. 

The reinforcement material used in all the composite plates fabrication is a plain 

woven roving glass fabric ER006 at 800g.m-2 (PRF Composite Materials, 2015a), with 

a warp count of 1.8 th.cm-1 and a weft count of 1.5 th.cm-1.  

 Infusion and cure methodology  5.3.2.

The sensor prototypes presented in this chapter were used to follow the infusion 

of glycerol as well as the infusion and cure of the plain RS-M135 epoxy resin. The 

infusion of glass fibre reinforced epoxy composite plates is studied in chapter 6, but 

the methodology for the composite infusion being very close to the one used for 

epoxy or glycerol infusion, it will be described below. 

In the case of a composite plate infusion, 3 or 6 layers of glass fibres 

reinforcement measuring 200 x 200 mm were layered on top of the sensor, as 

shown in Figure 5.6. These layers were covered with a breathing fabric layer before 

being vacuum bagged. This porous breathing fabric ensured an even flow of the 

resin through the vacuum bag and thus a better impregnation of the reinforcement 

fibres. Depending on the number of layers, the final plate thickness varied from 2 

mm to 5 mm. 
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Figure 5.6 Cut plane of the setting of a composite plate infusion showing the sensor prototype (at 
the bottom) and the stacking of the glass fibre woven fabric 

To ensure vacuum, tacky tape was applied on the outside of the sensor, two 

inlets were placed in two opposite corners of the formed square and a vacuum bag 

was positioned on top of the whole system, as shown in Figure 5.7. Tacky tape was 

likewise wrapped around the inlet and outlet tubes at their junction with the 

vacuum bag to ensure the airtightness of the bag. 

 

Figure 5.7 Top view of a composite plate infusion setting 

After drawing the vacuum in the bag and verifying the absence of air leaks, the 

epoxy resin was mixed with the hardener and immediately infused through the 

layers of reinforcement. When the fabric was homogeneously wetted by the resin, 
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the inlet and outlet tubes were clamped before the system was left to cure at room 

temperature for 24 hours.  

In the case of an epoxy-only or glycerol infusion, the layers of reinforcement 

were replaced by a meshed resin distribution medium to prevent the vacuum bag 

from sticking to the sensor surface, as well as to ensure the resin progressed 

homogeneously along the wires. 

The dielectric measurements, recorded with the device presented in section 

5.3.3, were started with the vacuum being drawn in the bag, just before mixing the 

resin and hardener. They were stopped after complete cure, 24h after the end of 

the infusion process. The vacuum bag and breathing fabric were discarded and the 

cured composite plate was removed from the surface of the sensor. 

 Dielectric measurement device 5.3.3.

The dielectric measurements were performed with a customized Dielectric 

Monitoring system (c-DieMos) developed by Engineering Technology Solutions E.E. 

(ETS E.E.). Four dielectric sensors entries were plugged in simultaneously using 50 

cm long BNC cables of resistance 50 Ohms (https://uk.rs-online.com/web/p/coaxial-

cable/4262038/). The resistance and capacitance measured by the dielectric 

sensors were logged and processed by the software provided with the monitoring 

device. 

In parallel, the ambient temperature was recorded using a thermocouple. The 

first cure experiments were monitored with a FLIR T200 infrared camera to assess 

the variations of temperature in the composite plate during cure. The curing 

reaction is exothermic, but it was conjectured that the large surface ratio of the 

composite plate and the contact with large metallic surfaces would allow a quick 

dissipation of the heat produced. No temperature variations in the plate were 

visible for three different cure experiments, therefore it was assumed that the 

https://uk.rs-online.com/web/p/coaxial-cable/4262038/
https://uk.rs-online.com/web/p/coaxial-cable/4262038/
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temperature of the experiment was the ambient temperature recorded by the 

aforementioned thermocouple. 

Before an experiment was run, an automatic calibration of each four couples of 

BNC cables was performed using a known RC circuit box comprising a 50 Ohms 

resistance and 12 pF capacitance in parallel. This step ensured the contribution of 

the cables was removed from the dielectric measurements. One couple of cables 

was plugged into the calibration box and an automatic calibration protocol was 

started. The protocol run three multifrequency analyses and matched the resistance 

and capacitance recorded during these analyses to the theoretical values of the 

calibration resistance and capacitance. This protocol was followed for each couple 

of BNC cables before each infusion trial. 

Two to four independent recordings of the same cure were made for every 

infusion experiment. Each of the four channels of the c-Diemos can be dedicated to 

a couple of electrodes from the sensor prototype. In this chapter, only two couples 

of electrodes were recording for each experiment, but the four channels were used 

for the testing of the final sensor prototype discussed in chapter 6. 

  A multifrequency analysis was performed to follow the composite cure: sixteen 

sinusoidal signals of frequencies between 1 Hz and 10 kHz with four frequencies per 

decades (1 Hz, 2 Hz, 3 Hz, 6 Hz, 12 Hz, 22 Hz, 40 Hz, 74 Hz, 136 Hz, 251 Hz, 464 Hz, 

858 Hz, 1585 Hz, 2929 Hz, 5412 Hz and 10 kHz) and amplitude 10 V were 

ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ǎŜƴǘ ǿƛǘƘ ŀ ǎŀƳǇƭŜ ǊŀǘŜ ƻŦ оΦр ˃ǎΦ ¢ƘŜ ǊŜǎƛǎǘŀƴŎŜ ŀƴŘ ŎŀǇŀŎƛǘŀƴŎŜ 

measured by the dielectric sensors in response to the excitation signal were 

recorded as a function of time for a period of 24 hours. Following the experimental 

protocol described in section 5.3.2, the recording was started before the resin was 

mixed to obtain a baseline for the sensor in air. The monitoring continued until the 

end of the 24 hours cure. 
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 Prototypes  tests 5.4.

All the sensors prototypes presented in section 5.2 were submitted to different 

tests in order to determine their suitability to the monitoring of epoxy infusion and 

cure. The results obtained for the Kapton® and PEEK based prototypes are given in 

the following sections. 

 Kapton ® prototype  5.4.1.

The Kapton® film sensors were used to validate the suitability of the parallel 

electrode geometry for the monitoring of an infusion and cure process. The 

response of the Kapton® sensor was tested in different configurations: infusion of 

glycerol, infusion and cure of RS-M135 epoxy resin. The influence of inter-wire 

distance on the signal obtained was briefly studied. 

 Infusion of glycerol  5.4.1.1.

Glycerol is innocuous and relatively inexpensive. It presents the advantage of 

being a viscous fluid of which dielectric properties are known (Segur 1953), thus 

making it appropriate to test the suitability of the geometry chosen for the 

dielectric sensor. Some relevant properties of glycerol are given in Table 5.3. 

Table 5.3 Properties of glycerol 

The complex permittivity of glycerol is given by: 

Viscosity (Pa.s) Dielectric constant Conductivity (S) 

1.41 41.14 10-8 

‐ᶻ  ‐ Ὦ‐ ‐ Ὦ
„

‐‫
 (5.2) 
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ǿƘŜǊŜ ʶr ƛǎ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎ Ŏƻƴǎǘŀƴǘ ŀƴŘ ˋ ǘƘŜ ŎƻƴŘǳŎǘƛǾƛǘȅ ƎƛǾŜƴ ƛƴ Table 5.3Σ ʶ0 is 

the permittivity of free sǇŀŎŜ ŀƴŘ ˖ ƛǎ ǘƘŜ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅΦ 

Prior to the experiments, the Kapton® sensor surface was cleaned with acetone 

and left to dry. An additional layer of infusion mesh was added on top the sensor in 

order to prevent the vacuum back from sticking to the sensor surface and facilitate 

the glycerol flow. The glycerol was then drawn in the vacuum bag, along the length 

of the electrodes, as shown in Figure 5.8. 

 

Figure 5.8 Infusion setup for the Kapton® based sensor 

The spectra obtained for the two sensors in air, prior to any infusion, are 

presented in Figure 5.9. 
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Figure 5.9 Spectra of the admittance of the Kapton® sensors in air 

The measurements confirm a sensor with closer electrodes provides a stronger 

signal. The imaginary part of both sensors presents a linear dependence with the 

frequency. Assuming that the sensor in air can be represented by an RC circuit, as 

discussed in section 4.4.3, the imaginary part is given by: 

wƘŜǊŜ ¸ΩΩ ƛǎ ǘƘŜ ƛƳŀƎƛƴŀǊȅ ǇŀǊǘ ƻŦ ǘƘŜ ŀŘƳƛǘǘŀƴŎŜΣ /sensor the capacitance of the 

ǎŜƴǎƻǊ ƛƴ ŀƛǊ ŀƴŘ ˖ ǘƘŜ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅΦ 

Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ŀ ǇŜǊŦŜŎǘ w/ ŎƛǊŎǳƛǘΣ ǘƘŜ ǎƭƻǇŜ ƻŦ ǘƘŜ ŎǳǊǾŜǎ ŦƻǊ ¸ΩΩ ƛƴ Figure 5.9 is 

equal to 1. The experimental values obtained are very close to 1, thus confirming 

tƘŜ ŎŀǇŀŎƛǘƛǾŜ ƴŀǘǳǊŜ ƻŦ ¸ΩΩΦ 

The admittance measured while drawing glycerol on top of the sensors is given in 

Figure 5.10. 
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(a) 

 

 (b) 

Figure 5.10 : Real (a) and imaginary (b) part of the admittance during the drawing of glycerol on 
top of the Kapton® sensor at respectively 136 Hz and 10 kHz 
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For a better understanding of the relationship between the length of the sensor 

wetted and the admittance measured, Figure 5.11 shows the complex admittance 

plotted versus the percentage of the sensor covered by glycerol. 

 

(a) 

 

(b) 

Figure 5.11 Real (a) and imaginary (b) admittance versus length of the Kapton® sensor wetted by 
glycerol at respectively 136 Hz and 10 kHz 
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The work of A. Skordos (Skordos et al. 2000) has shown that  the admittance 

measured during infusion presents a linear dependence with the length of the 

sensor covered by the resin: 

with  

Ymeas is the admittance measured experimentally at l% filling, Ytot is the 

admittance of the fully covered sensor and Ydry is the admittance of the dry sensor 

before infusion. 

Matching the previous equation with the linearization factors of the curves 

shown in Figure 5.11, the equation becomes: 

¸ΩdryΣ ¸ΩΩdry ¸Ωtot ŀƴŘ ¸ΩΩtot can be calculated using the coefficients obtained by 

linearizing the experimental results. The values found for Ydry and Ytot are compared 

to the experimental values measured by the prototype at the beginning and end of 

the infusion experiment. The results are presented in Table 5.4 with the 

corresponding relative error: 

 

  

ὣ  ὣ ὣ ὰϷ ὣ  (5.5) 

ὰϷ
ὰὩὲὫὸὬ έὪ ὸὬὩ ίὩὲίέὶ ὧέὺὩὶὩὨ ὦώ ὶὩίὭὲ

ὸέὸὥὰ ὰὩὲὫὸὬ έὪ ὸὬὩ ίὩὲίέὶ
 (5.6) 

ὣ ὃὰϷ ὄ (5.7) 

ὣ ὄ

       ὣ ὃ ὄ
 (5.8) 

‌‏
ȿ ὣὰὭὲὩὥὶὣὩὼὴὩὶὭάὩὲὸὥὰ ȿ

ὣὩὼὴὩὶὭάὩὲὸὥὰ
 (5.9) 
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Table 5.4 Experimental and calculated values of admittance for the Kapton® sensors (in air and 
covered by glycerol) at 136 Hz and 10 kHz for respectively the real and imaginary part of the 

admittance 

A large relative error is observed for the real part of the dry sensor admittance. 

This error is in all probability due to the order of magnitude of the measurements: 

the values are at the limit of the apparatus detection range, leading to consequent 

uncertainties.  

The other calculated values show a good agreement with the measured ones, 

therefore validating the geometry of the prototype. Despite higher values of the 

overall admittance recorded, the relative error calculated for the measures 

obtained with the sensor SK1 is not significantly better than the one calculated for 

the sensor SK2.   

The influence of a smaller distance between electrodes on the measurement 

accuracy is not significant enough to justify an electrode spacing of 2 mm. A 

distance of 5 mm between electrodes is technically easier to manufacture and 

sensitive enough for the present study, thus it will be favoured for the building of 

the subsequent prototypes. 

 
¸Ωdry calculated 

όмκʍύ 
¸Ωdry experimental 

όмκʍύ 

Relative 
error 

¸ΩΩdry calculated 

όмκʍύ 
¸ΩΩdry experimental 
όмκʍύ 

Relative 
error 

SK1 -5.01x10-9 -2.8x10-9 78.93% 1.09x10-6 1.07x10-6 1.87% 

SK2 -2.22x10-9 -1.3x10-9 70.77% 4.33x10-7 4.22x10-7 2.60% 

 
¸Ωtot  calculated 

όмκʍύ 
¸Ωtot  experimental 

όмκʍύ 

Relative 
error 

¸ΩΩtot  calculated 

όмκʍύ 
¸ΩΩtot  experimental 
όмκʍύ 

Relative 
error 

SK1 1.52x10-8 1.42x10-8 6.74% 2.17x10-6 2.23x10-7 2.69% 

SK2 8.28x10-9 8.11x10-9 2.05% 1.12x10-6 1.15x10-6 2.26% 
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 Numerical modelling of the infusion of glycerol  5.4.1.2.

In parallel of the new dielectric sensor prototype development presented in the 

previous section, a 3D numerical model of the device was built and studied. The aim 

of such a model is to obtain a better understanding of the electric field repartition 

around the sensor, confirm the experimental results and ultimately, be used as a 

predictive tool to study the infusion and cure process.  

The entire modelling work of the present project was developed using the 

ǎƻŦǘǿŀǊŜ /ƻƳǎƻƭ aǳƭǘƛǇƘȅǎƛŎǎϰ рΦнΦ ǿƛǘƘ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ƛǘǎ !/κ5/ ƳƻŘǳƭŜΦ ¢Ƙƛǎ 

ƳƻŘǳƭŜΣ ōŀǎŜŘ ƻƴ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΣ ƛǎ ǳǎŜŘ ǘƻ ōǳƛƭŘ ŀƴŘ ǎƻƭǾŜ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ 

models at low frequencies. The constitutive equations solved by the software in the 

present study are: 

where J is the current density, Qj,v the volumetric source of current inside the 

selected modelled layers, ̀ the conductivity, E the electric field, j2=-1, ˖ ǘƘŜ 

frequency, D the displacement field, Je the external current density and V the 

voltage. 

 In order to correctly model the real lossy materials used in the present study, it 

is necessary to use a constitutive relation. In the case of the dielectric material 

studied in the present work, the displacement field D is used. The current 

conservation condition is thus given by: 

Ȣɳὐ ὗὮȟὺ (5.10) 

ὐ „Ὁ Ὦ‫Ὀὐ (5.11) 

Ὁ ὠɳ (5.12) 

„ π (5.13) 

Ὀ ‐ ‐ Ὦ‐ Ὁ (5.14) 
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ǿƘŜǊŜ 9 ƛǎ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΣ ʶ0 is ǘƘŜ ǇŜǊƳƛǘǘƛǾƛǘȅ ƻŦ ŦǊŜŜ ǎǇŀŎŜ ŀƴŘ ʶΩ ŀƴŘ ʶΩΩ ŀǊŜ 

the real and imaginary permittivity of the material studied respectively. This 

condition is applied to all domains modelled. 

A first simple model of two parallel flat wires in air was run and compared to an 

analytical solution (Orphanidis, 1999) to validate the model building technique 

before further complexification. The model was afterwards iterated, first by 

flattening the wires, then by adding the Kapton® matrix around them and finally by 

adding the dielectric material on top of the sensor to create a three dimensional 

model of the Kapton® sensor. The geometry of the model was designed as close to 

the real sensor as possible, but for the number of wires. Only one couple of wires 

was investigated in order to minimise the solving time and memory used during the 

runs of the model.  

The dimension and properties of the different components used in the 

simulation are given in Table 5.5 and Table 5.6 respectively. 

Table 5.5 Dimensions of the Kapton® sensor numerical model components 

Table 5.6 Dielectric properties of the Kapton® sensor numerical model components (Segur, 1953; 
Dupont, 2018) 

 
Background Kapton® Wires Glycerol 

Width (mm) 100 80 1.5 80 

Depth (mm) 30 0.108 0.05 5 

Height (mm) 350 30 300 variable 

Material /ƻƴŘǳŎǘƛǾƛǘȅ ˋ ό{ΦŎƳ-1) ʶΩ ʶΩΩ 

Air - 1 0 

Kapton® - 3.4 0.01224 

Glycerol 10-8  41.14 
„

‐‫
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In Table 5.6Σ ˋglycerol corresponds to the conductivity of ǘƘŜ ƎƭȅŎŜǊƻƭΣ ˖ ƛǎ ǘƘŜ 

ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜ ŜȄŎƛǘŀǘƛƻƴ ǎƛƎƴŀƭ ŀƴŘ ʶ0 the permittivity of free space. 

The electrodes were modelled by removing the volume corresponding to the 

wires from the middle of the Kapton® film volume. The voltage applied to the 

electrodes being localised at the surface of the conductor, no modelled solid was 

necessary to represent the electrodes. The faces of the holes created were assigned 

a voltage:  10 V for one electrode and a ground (0 V) for the other. The bottom of 

the Kapton® layer was likewise grounded to represent the contact of the bottom of 

the sensor with the aluminium bench. 

The sensor model was surrounded by a rectangular background volume. A 

ōƻǳƴŘŀǊȅ ŎƻƴŘƛǘƛƻƴ ƻŦ άŜƭŜŎǘǊƛŎŀƭ ƛƴǎǳƭŀǘƛƻƴέ ὲᴆϽὐᴆ π (with n normal vector to the 

surface and J electric current density) was applied on each six faces of the volume. 

This boundary condition meant that no current was flowing through the faces and 

that any potential was discontinued across them. The background volume was 

assigned the material properties of air. 

The entire volume of the model was meshed with an automatic tetrahedral mesh 

ƻŦ άŦƛƴŜrέ ǎƛȊŜΦ ¢ƘŜ ƳŜǎƘ ƎŜƴŜǊŀǘŜŘ ōȅ ǘƘŜ ǎƻŦǘǿŀǊŜ ƛǎ automatically refined where 

the geometry of the model requires it. The model was solved for the frequencies 

corresponding to the multifrequency analysis performed experimentally and 

described in section 5.3.3. 

Figure 5.12 shows the admittance of the SK1 sensor in air calculated with the 

model. 
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Figure 5.12 Numerically modelled admittance of the Kapton® sensor in air. The inter-wire distance 
is set at 2mm 

¢ƘŜ ǾŀƭǳŜǎ ƻōǘŀƛƴŜŘ ŦƻǊ ¸Ω ŀƴŘ ¸ΩΩ ŀǊŜ ƻƴŜ ǘƻ ŦƻǳǊ ƻǊŘŜǊǎ ƻŦ Ƴŀgnitude superior 

to the one measured experimentally and shown in Figure 5.9. This indicates the 

numerical model does not accurately predict the sensor response. However, the 

imaginary admittance still presents a linear dependence with the frequency, and 

the slope of the logarithmic curve is мΦ ¢Ƙƛǎ ƛƴŘƛŎŀǘŜǎ ¸ΩΩ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ 

frequency with a factor equal to the capacitance of the modelled RC circuit. Using 

the values given by the numerical model, this capacitance is determined to be 

1.29x10-11 F.  The capacitance value obtained experimentally for SK1 is 4.67x10-12 F, 

thus giving a large relative error of 176%. 

A numerical simulation of glycerol infusion is nonetheless carried out and the 

admittance obtained for a simulated filling of the sensor is given in Figure 5.13. 
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Figure 5.13 Numerically modelled admittance of the Kapton® sensor during an infusion of 
glycerol. The inter-wire distance is set at 2mm 

The values of the admittance modelled are still several orders of magnitude 

above the one observed for SK1 in section 5.4.1.1. However, the slopes of the curves 

are close to the one recorded experimentally, as shown in Table 5.7. 

Table 5.7 Comparison between the slope of the modelled and recorded admittance of SK1 during 
the infusion of glycerol 

The numerical model of the Kapton® sensor developed is capable of reproducing 

the trend observed during the experimental infusion of glycerol. However, the large 

discrepancy between the calculated admittance and the recorded one makes it 

impossible to use it as an accurate predictive tool as yet. 

Several factors can explain the discrepancies between the experimental values 

and the modelled ones. Experimentally, the grounding of the sensor is realised by 

way of the aluminium bench and the electrode is grounded via the c-Diemos 
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recording deviceΦ Lƴ ǘƘŜ ƳƻŘŜƭΣ ǘƘŜ άƎǊƻǳƴŘέ ŎƻƴŘƛǘƛƻƴ ŦƻǊ ǘƘŜ ƎǊƻǳƴŘŜŘ ŜƭŜŎǘǊƻŘŜ 

and the bottom of the aluminium plate are the same. This could be a reason for 

errors, as the software does not differentiate between the two grounds and the 

electric field modelled might be affected. Improperly designated boundary 

conditions may as well be causing the observed discrepancies. 

 Epoxy infusion and cure 5.4.1.3.

Experimentally, tests of epoxy infusion and cure were performed on the Kapton® 

sensor to confirm its suitability for the monitoring of the RM-S135 resin system. The 

resin was mixed with the hardener just before being drawn under vacuum on top of 

the sensor with the exact same methodology used for glycerol (see section 5.4.1.1).  

The spectra obtained for different length of the sensor SK1 wetted with epoxy 

are given in Figure 5.14. 
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(b) 

Figure 5.14: Real (a) and imaginary (b) part of the admittance of the sensor SK2 during infusion of 
epoxy resin (1 kHz). The percentage indicates the length of the sensor wetted 

The spectra obtained for the wetting of the sensor show that the resin does 

impact the sensor response.  

The real part of the admittance presents an increase at high frequencies as the 

sensor is being covered by the resin. No such trend is observed below 200 Hz, likely 

due to the apparatus detection range. From the imaginary part of the admittance, it 

is clear the addition of epoxy transform the circuit formed by the sensor and its 

ǎǳǊǊƻǳƴŘƛƴƎ ŦǊƻƳ ŀ ŎŀǇŀŎƛǘƛǾŜ ǎȅǎǘŜƳΣ  ǘǊŀƴǎƭŀǘŜŘ ōȅ ŀ ƭƛƴŜŀǊ ǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ¸ΩΩ 

and the length covered, towards a more complex circuit that does not present a 

linearity .  

The curves obtained at 50% and 100% of the sensor covered are similar to the 

one obtained with the resin electrical analogy presented in section 4.4.3.3 , thus 

suggesting the sensor is indeed interrogating the uncured epoxy resin. 
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The epoxy resin was afterward left to cure at room temperature, monitored, for 

24 hours. The sensor prototype recorded the variations of the measured 

admittance along the cure of the resin, as shown in Figure 5.15. 

 

(a) 

 

 (b) 

Figure 5.15 Variations of the real (a) and imaginary (b) admittance during the infusion and cure of 
RS-M135 epoxy resin on top of the Kapton® based sensor. Five frequencies of excitation are 

presented 
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The real admittance at 858 Hz and 10 kHz decreases as the resin cure starts, 

before increasing again and reaching a local maximum later in the cure. This 

behaviour is not as clear for lower frequencies, mainly due to the fact the values of 

¸Ω ŀǘ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘŜ Ŏǳre are below the c-Diemos detection range. The 1Hz 

curve is similarly noisy at the end of the cure when it becomes close to the 

apparatus detection lower limit. All the curves but the one at 1 Hz seem to show a 

local maximum that moves towards higher cure time as the frequency decreases.  

 That phenomenon is likewise observed in the curves of the imaginary 

admittance. The admittances obtained for 858 Hz and 10 kHz decrease from an 

initial maximum, while the admittances at lower frequencies present a local 

maximum before decreasing toward their end value.  

For both the real an imaginary part of the admittance, higher frequencies give a 

ǎǘǊƻƴƎŜǊ ǎƛƎƴŀƭΣ ƳƛƴƛƳƛǎƛƴƎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŜǊǊƻǊΦ IƻǿŜǾŜǊΣ ǘƘŜ ŎǳǊǾŜǎ ŦƻǊ ¸ΩΩ ƻƴƭȅ 

display a local maximum for frequencies below 858 Hz. Thus, lower frequency 

values are providing important information about the curing reaction and shall be 

investigated as well.  

The spectra obtained at different times during the cure are presented in Figure 

5.16. 
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(a) 

 

 (b) 

Figure 5.16 Spectra of real (a) and imaginary (b) admittance during the cure of RS-M135 epoxy 
resin on the Kapton® sensor 

The spectra obtained are very similar to the ones presented in section 4.4.3.3, 

proving the ability of the Kapton® sensor to follow the cure of the epoxy resin 
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investigated. It also confirms the ions migration dominates the conductivity 

mechanisms between 1 Hz and 10 kHz. This will be further discussed in chapter 6. 

The Kapton® sensor results validate the use of two parallel flat copper electrodes 

as a way to follow the filling of an infusion mould, as well as the cure of the RS-

M135 epoxy resin, between 1Hz and 10 kHz. Despite closer wires providing a 

stronger signal, the difference in accuracy with electrode slightly further apart is not 

significant enough to justify the choice of a 2 mm wide sensor over a 5 mm wide 

one. Besides, electrodes further apart create a deeper electric field, penetrating the 

material investigated and providing information further from the electrode surface 

(see section 2.3.2.2). This feature is especially interesting in the case of composite 

manufacture, where the thickness of the final pieces can reach several centimetres. 

Therefore, the distance between the electrodes of the subsequent prototypes will 

be set at 5 mm. 

 PEEK prototypes  5.4.2.

The two PEEK sensors presented in 5.2.3 were tested by an infusion of glycerol in 

order to decide of the settings for the final sensor fabrication. 

The glycerol infusion was realised with the protocol described for the Kapton® 

sensor in section 5.4.1.1. Each PEEK sensor was cleaned with acetone, taped to the 

aluminium bench before being covered with an infusion mesh and vacuum bagged.  

The admittance variations with the length of the sensor wetted are given in Figure 

5.17 and Figure 5.18. 
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Figure 5.17 Real and imaginary admittance versus length of SP1 wetted by glycerol at respectively 
136 Hz and 10 kHz 

 

Figure 5.18 Real and imaginary admittance versus length of SP2 wetted by glycerol at respectively 
136 Hz and 10 kHz 

Once again, the admittances of the dry and covered sensors can be calculated 

with the coefficients of the linearization curves and compared to the one recorded 

experimentally. The results are given in Table 5.8. 
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Table 5.8 Experimental and calculated values of admittance for the PEEK sensors (in air and 
covered by glycerol) 

For both sensors, the largest error is observed for the real admittance of the dry 

sensor because of the very small values measured. Sensor SP2 provides the smallest 

relative errors on every measure, in addition to being easier to manipulate and 

more resistant. For these reasons, it is the setting favoured for the manufacture of 

the final sensor prototype. 

 Chapter Summary  5.5.

The geometry of the new dielectric sensor to be built was investigated by 

manufacturing and testing several prototypes. After briefly examining the idea of a 

PCB sensor and finding it unsuitable, a sensor made of flat copper wires taped to an 

aluminium plate was built and tested by following an infusion of glycerol. The 

infusion and cure of epoxy resin were also monitored using this prototype. These 

sets of experiments confirm the suitability of two parallel flat electrodes to follow 

both the filling of an infusion mould as well as the cure of epoxy resin between 1 Hz 

and 10 kHz. It also serves to set the distance between electrodes to 5 mm for the 

final sensor prototype design.  

In parallel, a numerical 3D model for the infusion of glycerol on top of the 

Kapton® sensor was developed. Its results are promising despite discrepancies 

being present. 

 
¸Ωdry calculated 

όмκʍύ 
¸Ωdry experimental 

όмκʍύ 

Relative 
error 

¸ΩΩdry calculated 

όмκʍύ 
¸ΩΩdry experimental 
όмκʍύ 

Relative 
error 

SP1 -1.70x10-9 -1.20x10-8 85.83% 2.28x10-8 2.44x10-8 6.56% 

SP2 1.01x10-9 1.25x10-9 19.20% 9.41x10-8 9.50x10-8 0.95% 

 
¸Ωtot  calculated 

όмκʍύ 
¸Ωtot  experimental 

όмκʍύ 

Relative 
error 

¸ΩΩtot calculated 

όмκʍύ 
¸ΩΩtot experimental 
όмκʍύ 

Relative 
error 

SP1 1.51x10-8 1.64x10-8 7.93 % 8.50x10-7 8.55x10-7 2.69% 

SP2 1.41x10-8 1.40x10-9 0.79% 4.55x10-7 4.58x10-7 0.63% 
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Two prototypes of flexible dielectric sensors based on a PEEK matrix were built in 

order to validate the final sensor manufacture protocol, as well as determining the 

best layout for the final sensor prototype. After characterising these sensors using a 

glycerol infusion, it was established that the best design for the final sensor 

prototype is copper electrodes 5 mm apart presseŘ ƛƴǘƻ ŀ мнр ˃Ƴ ǘƘƛŎƪ ƭŀȅŜǊ ƻŦ 

PEEK. 
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6. Final Prototype  of the Flexible Dielectric Sensor  

 

 

 

 Scope and objectives 6.1.

In this chapter, the fabrication of the final PEEK sensor prototype is described. 

The response of this device during the infusion and cure of the RS-M135 epoxy resin 

is studied, before the influence of the glass fibre reinforcement on the 

measurements obtained during both infusion and cure is examined. Finally, the 

results given by the dielectric sensor prototype for the cure of the epoxy resin are 

compared with the ones obtained during the epoxy cure characterisation discussed 

in chapter 3. 

 Sensor prototype fabrication  6.2.

The final PEEK based sensor was built in a similar way than the SP2 prototype 

studied in chapter 5. Flat copper wires were placed on top of a PEEK sheet before 

being treated in a heating thermal press. When heated above its melting 

temperature under pressure, the PEEK becomes malleable and thus, the wires can 

be incorporated into the sheet. During cooling down, the PEEK matrix solidifies 

again and the wires are trapped in place.  

A similar protocol to the one described to build the SP2 sensor in section 5.2.3 

was followed, with the same materials. A Kapton® release film was laid on the 

ƎǳƛŘƛƴƎ ǘƻƻƭ ōŜŦƻǊŜ ōŜƛƴƎ ŎƻǾŜǊŜŘ ōȅ ŀ ǎǉǳŀǊŜ ƻŦ нлл Ȅ нлл ƳƳΣ мнр ˃Ƴ ǘƘƛŎƪ t99YΦ 
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60 flat copper wires 0.05 mm thick and 1.5 mm wide were cut to form the 

electrodes of the sensor. The copper electrodes were cleaned by immersing the 

wires into a 10% solution of HCl for 15 seconds before being rinsed, dried and 

placed on top of the PEEK sheet, using the gouges of the tool as guides to maintain 

the wires parallel to each other. The mechanical tension of the copper wires was 

ensured by taping them at the back of the tool with Kapton® heat-resistant tape. 

{ƘƛƳǎ млл ˃Ƴ ǘƘƛŎƪ were placed at all four corners of the PEEK square to guaranty 

an even repartition of the thermoplastic when melting, as well as a good inclusion 

of the copper wires in the PEEK matrix. A second layer of Kapton® release film was 

placed on top before another flat aluminium plate.  

The whole stack was placed in a Fontjine thermal press, model Labpro 600. A 

pressure of 20 kN is applied while the press is heated ŀǘ отл ɕ/Φ  ¢Ƙƛǎ ǘŜƳǇŜǊŀǘǳǊŜ  

was maintained for 15 minutes to ensure an even melting and flow of the PEEK, 

before the press was cooled down to room temperature. The pressure was released 

and the sensor prototype removed from the aluminium plates.  

The release film was peeled; the oxidized copper electrodes were cleaned with a 

10% HCl solution before being soldered to female 50 Ohm BNC cable connectors in 

order to be connected to the c-Diemos device. 

Finally, Kapton® tape was applied to the PEEK-rich surface of the prototype in 

order to limit the adherence of the cured composite to the device and add an extra 

layer of protection. This step ensured the prototype could be reused for several 

experiments without being damaged. The sensor was taped on an aluminium 

bench, acting like an electrical ground. Consequently, when a voltage was applied to 

the different electrodes, the electric field created took the shape of a semi-cylinder 

on top of the sensor electrodes, where the material to investigate was placed.  

A picture of the finished sensor is presented in Figure 6.1. 



Final Prototype of the Flexible Dielectric Sensor 

111 

 

 

 

Figure 6.1 Final sensor prototype 

 Prototype characterisation in air  6.3.

The response of the sensors before infusion was studied in order to obtain the 

characteristics of the system without resin. In the following section, the spectra of 

three sensors in air are studied. They correspond to a sensor covered with only 

infusion mesh and a vacuum bag, a sensor covered with three layers of glass fibre 

reinforcement and a vacuum bag, and a sensor covered with six layers of glass 

fibres reinforcement and a vacuum bag. 

In each case, the recording of the experiment was purposefully started a few 

minutes before the resin was drawn into the vacuum bag. This allowed the 

collection of several measures of the dry sensors admittance. An average of the 

values recorded during this time was calculated for each frequency and the 

resulting spectra are shown in Figure 6.2. 
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(c) 

Figure 6.2 Spectra of the real and imaginary admittance of the dry sensor prototype (a) without 
reinforcement, (b) with 3 layers of glass fibre and (c) with 6 layers of glass fibre 

The imaginary admittance of the three sensors presents a linear relationship with 

frequency. This is consistent with the parallel RC equivalent circuit described in 

section 4.4.3. According to the electrical circuit representation, the imaginary 

admittance is expressed by 

were Csensor is ǘƘŜ ŎŀǇŀŎƛǘŀƴŎŜ ƻŦ ǘƘŜ ŜǉǳƛǾŀƭŜƴǘ ŎƛǊŎǳƛǘ ŀƴŘ ˖ is the angular 

frequency. 

CƻǊ ŀƭƭ ǎŜƴǎƻǊǎΣ ǘƘŜ ƭƻƎŀǊƛǘƘƳƛŎ Ǉƭƻǘǎ ƻŦ ¸ΩΩ ǎƘƻǿ ŀ ǎƭƻǇŜ ŎƭƻǎŜ ǘƻ мΣ ǾŀƭƛŘŀǘƛƴƎ the 

capacitive nature of the imaginary admittance. Using the coefficients of the non-

logarithmic curves for the imaginary admittance versus frequency, the capacitances 

of the different dry sensors can be extracted. They are presented in Table 6.1. 
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Table 6.1 Capacitance obtained experimentally for sensor with and without glass fibre 
reinforcement 

The addition of glass fibre reinforcement seems to slightly increase the 

capacitance of the dry sensor. However, the change observed when increasing the 

number of glass fibre layers is too small to draw clear conclusions.  

 Infusion pr ocess 6.4.

The infusion of on top of the sensor prototype was carried out as described in 

section 5.3.2.  Three sets of measurements taken during the wetting of the 

prototype are presented in the following sections: one set was recorded during an 

infusion of glycerol only, one during an infusion of epoxy resin through a stack of 

three layers of glass fibres and the last one during an infusion of epoxy through six 

layers of glass fibres. The aim of this setting is to validate the results obtained with 

the new prototype by applying the work of A. Skordos (Skordos et al. 2000) to them. 

The potential influence of glass fibres layers on the sensor response was also 

investigated. 

For the rest of the present research, the four sensors addressed by the dielectric 

monitoring device are identified as sensor 1 (S1), sensor 2 (S2), sensor 3 (S3) and 

sensor 4 (S4). Their numbers correspond to the order in which the infused material 

(glycerol or epoxy) reaches them. During the infusion of the glycerol, sensor 1 

malfunctioned and thus its measures are omitted. 

 Glycerol  6.4.1.

The normalised curves for the real and imaginary part of the admittance versus 

time at 10 kHz during the infusion of glycerol are shown in Figure 6.3.  

 No reinforcement 3 layers of glass fibre 6 layers of glass fibre 

Csensor(Fa) 9.24x10-12 2.17x10-11 2.54x10-11 
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(a) 

 

(b) 

Figure 6.3 Real (a) and imaginary (b) admittance for three sensors of the final prototype during an 
infusion of glycerol (normalised) 
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vacuum, before the glycerol is pulled in and the infusion begins, as discussed in 

section 6.3. When the clench is opened, the glycerol flows and touches the sensors 

one after the other.  As soon as a sensor starts to be covered by glycerol, a jump in 

ōƻǘƘ ǘƘŜ ƛƳŀƎƛƴŀǊȅ ŀƴŘ ǊŜŀƭ ǇŀǊǘ ƻŦ ǘƘŜ ŀŘƳƛǘǘŀƴŎŜ ƛǎ ƻōǎŜǊǾŜŘΦ ¸Ω ŀƴŘ ¸ΩΩ ƛƴŎǊŜŀǎŜ 

almost linearly as the glycerol progresses along the length of the sensors. The 

curves reach a second plateau as the infusion is complete and the amount of 

material covering the sensors no longer varies. 

A shift toward higher times is observed between the curves of each sensor. This 

shift is due to the time it takes the viscous liquid to progress along the sensor array 

and reach each sensor. The average time delay observed between S2 and S4 for an 

infusion of epoxy resin without reinforcement is 25 seconds. 

In order to better study the link between the length of the sensor wetted and the 

sensor admittance measured, the graph in Figure 6.4 shows the curves for the 

admittance versus the length of the sensor covered by glycerol. The starting point 

(0%) is taken just before the liquid touches the first sensor (S2), and the end point 

(100%) is taken when the fourth sensor (S4) is fully covered, or when the glycerol 

front does not progress anymore and the infusion is considered complete. The 

determination of the percentage of the sensor wetted is done optically, by using 

recorded videos of the infusion process. 
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(a) 

 

(b) 

Figure 6.4 Variations of the real (a) and imaginary (b) admittance versus the length of the sensor 
filled during an infusion of glycerol 

According to the equation presented in section 5.4.1.1, it is possible to extract a 
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coefficients of the linear models curves. Those values can be compared to the one 

obtained experimentally at the beginning and end of the infusion, as shown in Table 

6.2. 

Table 6.2 Value for the admittance of the dry sensor obtained with linearization, experimentally 
and their relative error 

The relative error for the values of Y*dry is relatively high. It can be explained by 

the small value of the admittance of the sensor in air. The slightest discrepancy in 

the values of the linearization curve can have a significant impact on the error. 

Besides, the infusion without reinforcement is fast (less than two minutes), meaning 

the human error in the evaluation of the length of the sensor covered by the resin 

at an instant t is likely to be important. 

The relative error observed for the values of Y* tot is more acceptable except for 

sensor number 2. 

 3 Layers of reinforcement  6.4.2.

Three layers of glass fibres were placed into the vacuum bag before infusion. The 

curves for the real and imaginary part of the admittance versus time at 10 kHz 

during the resin infusion are shown in Figure 6.5. The shape of the curves exhibits 

 ¸Ωdry calculated 

όмκʍύ 
¸Ωdry experimental 

όмκʍύ 

Relative 
error 

¸ΩΩdry calculated 

όмκʍύ 
¸ΩΩ dry experimental 

όмκʍύ 
Relative 

error 

S2 2.53x10-9 4.31x10-9 41.30% 2.97x10-7 1.17x10-7 153.85% 

S3 1.99x10-9 1.60x10-9 24.38% 1.36x10-7 1.07x10-7 27.10% 

S4 8.30x10-10 8.70x10-9 4.60% 7.60x10-8 8.62x10-8 11.83% 

 
¸Ωcov calculated 

όмκʍύ 
¸Ωcov experimental 

όмκʍύ 

Relative 
error 

¸ΩΩcov calculated 

όмκʍύ 
¸ΩΩ cov experimental 

όмκʍύ 
Relative 

error 

S2 1.49x10-8 1.50x10-9 0.47% 8.65x10-7 7.86x10-7 10.56% 

S3 1.85x10-8 1.82x10-8 1.59 % 6.95x10-7 6.60x10-7 5.30% 

S4 1.42x10-8 1.58x10-8 9.94% 5.27x10-7 5.37x10-7 1.86% 
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the plateau before the beginning of the infusion, the linear increase and second 

plateau at the end of infusion.  

 

(a) 

 

(b) 

Figure 6.5 Variations of the real (a) and imaginary (b) admittance versus time during the infusion 
of RS-M135 resin through 3 layers of glass fibre reinforcement (normalised) 
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The shift of the curves on the right indicating the interval of time needed for the 

resin to reach each sensor is still observed. With the addition of glass fibres, the 

infusion is slower and therefore the time between the wettings of each sensor 

increases due to the glass fibre reinforcement slowing down the resin progression. 

Not only do the fibres hinder the flow of the resin, but the amount of resin 

necessary to fully wet the fibre is greater, thus slowing down the process 

considering the debit of the resin is constant. The time delay between S1 and S2 is 

around 100s at the beginning of the infusion.  

Both the real and imaginary parts of the admittance show a linear increase with 

the length of the sensor wetted. The linear trend becomes evident only when the 

percentage of the sensor covered reaches 40 %.  This can be explained by the fact 

the resin does not flow exactly along the electrodes due to the woven 

reinforcement. Rather, it reaches the sensors slightly perpendicularly because of 

the diagonal setting of the inlet and outlet, as presented in 5.3.2. Therefore, at the 

time the two electrodes of each sensor are simultaneously covered by the resin and 

the electric field is established through it, the sensor might already be partially 

covered. This is especially true in the case of sensor 3 and 4, further from the entry 

point of the epoxy. 

In order to validate the linear relationship between the admittance and the 

length of the sensor covered, linear trend lines are added to the curves between 

40% and 100% wetting, as shown in Figure 6.6. 
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(a) 

 

 (b) 

Figure 6.6 Real (a) and imaginary (b) admittance versus percentage of the sensor wetted during 
the infusion of RS-M135 resin through 6 layers of glass fibre reinforcement 

¢ƘŜ ǾŀƭǳŜǎ ŦƻǊ ¸ΩdryΣ ¸ΩΩdry ¸Ωtot ŀƴŘ ¸ΩΩtot are once again calculated from the 

parameters of the respective linear trends and compared to the experimental 

values. The results are shown in Table 6.3. 
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Table 6.3 Value for the admittance of the dry sensor with 3 layers of glass fibres obtained with 
linearization, experimentally and their relative error 

! ƭŀǊƎŜ ǊŜƭŀǘƛǾŜ ŜǊǊƻǊ ŦƻǊ ¸Ωdry is observed due to the very small experimental 

ǾŀƭǳŜΣ ŀǘ ǘƘŜ ǾŜǊȅ ƭƛƳƛǘ ƻŦ ǘƘŜ ŀǇǇŀǊŀǘǳǎ ŘŜǘŜŎǘƛƻƴΦ ¸ΩΩ ōŜƛƴƎ ǘǿƻ ƻǊŘŜǊǎ ƻŦ 

ƳŀƎƴƛǘǳŘŜ ƘƛƎƘŜǊ ǘƘŀƴ ¸ΩΣ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǾŀƭǳŜǎ ŀǊŜ ƳƻǊŜ stable and this 

translates to a better relative error. The addition of glass fibre reinforcement seems 

to increase the incertitude on the measures. 

 6 Layers of reinforcement  6.4.3.

To investigate the influence of the number of reinforcement layers on the 

admittance measured, an infusion was done through 6 layers of glass fibres stacked 

on top of the sensor array. The normalised curves for the real and imaginary part of 

the admittance versus time at 10 kHz are shown in Figure 6.7. Once again, all the 

curves exhibit a plateau before the beginning of the infusion, a linear increase and a 

second plateau at the end of infusion. 

 
¸Ωdry calculated 

όмκʍύ 
¸Ωdry experimental 

όмκʍύ 

Relative 
error 

¸ΩΩdry calculated 

όмκʍύ 
¸ΩΩdry experimental 
όмκʍύ 

Relative 
error 

S1 7.20x10-8 6.00x10-10 11900.00% 2.53x10-7 2.29x10-7 10.48% 

S2 2.17x10-8 1.00x10-9 2070.00% 2.51x10-7 2.18x10-7 15.14% 

S3 9.28x10-9 8.00x10-10 1060.00% 2.27x10-7 2.11x10-7 7.58% 

S4 1.12x10-8 1.30x10-9 761.54% 2.08x10-8 1.88x10-8 10.64% 

 
¸Ωtot  calculated 

όмκʍύ 
¸Ωtot  experimental 

όмκʍύ 

Relative 
error 

¸ΩΩtot  calculated 

όмκʍύ 
¸ΩΩtot  experimental 
όмκʍύ 

Relative 
error 

S1 1.80x10-7 1.85x10-7 2.70% 4.90x10-7 4.90x10-7 0.00% 

S2 1.62x10-7 1.55x10-7 4.32% 4.60x10-7 4.50x10-7 2.22% 

S3 1.20x10-7 1.15x10-7 4.59% 4.23x10-7 4.05x10-7 4.44% 

S4 1.07x10-7 1.00x10-7 6.50% 3.75x10-7 3.63x10-7 3.31% 
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(a) 

 

 (b) 

Figure 6.7 Variations of the real (a) and imaginary (b) admittance versus time during the infusion 
of RS-M135 resin through 6 layers of glass fibre reinforcement (normalised) 
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The shift of the curves on the right is still visible, but the time delay between S1 

and S4 is increased by 25 seconds compared to the infusion with 3 layers of glass 

fibres. Effectively, the epoxy resin flows in three dimensions, wetting the 

reinforcement through the z axis as well as flowing on the sensor surface. It is 

conceivable that adding layers of reinforcement means more resin is necessary to 

wet the same length of the sensor, because of the material absorbed by the 

additional fabric. This would explain the extended infusion time observed. 

The curves presented in Figure 6.7 show some anomalies in their shape, 

especially in the case of S1. This is due to a minor leak in the vacuum bag, detected 

and repaired at the end of the infusion, before cure.  

The linearity of the signal during infusion with is nonetheless observed after 40% 

of the sensors are covered. This is further displayed in Figure 6.8. 
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(b) 

Figure 6.8 Real (a) and imaginary (b) admittance versus percentage of the sensor wetted during 
the infusion of RS-M135 resin through 6 layers of glass fibre reinforcement 

!ǎ ǇǊŜǾƛƻǳǎƭȅ ŘƛǎŎǳǎǎŜŘΣ ǘƘŜ ǾŀƭǳŜǎ ŦƻǊ ¸ΩdryΣ ¸ΩΩdry ¸Ωtot ŀƴŘ ¸ΩΩtot can be calculated 

from the linearization of the curves and compared to the experimental values, as 

shown in Table 6.4. 

A ƭŀǊƎŜ ǊŜƭŀǘƛǾŜ ŜǊǊƻǊ ŦƻǊ ¸ΩŘǊȅ ƛǎ ƻōǎŜǊǾŜŘΣ ǎƛƳƛƭŀǊƭȅ ǘƻ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘ ǳǎƛƴƎ о 

layers of glass fibres, for the same reasons. However, the discrepancy between 

ŜȄǇŜǊƛƳŜƴǘŀƭ ŀƴŘ ƭƛƴŜŀǊƛȊŜŘ ǾŀƭǳŜǎ ǊŜƳŀƛƴǎ ƘƛƎƘΣ ŜȄŎŜǇǘ ŦƻǊ ¸ΩΩǘƻǘ ǿƘƛŎƘ ƛǎ 

acceptable. The aforementioned leak is likely to have had an impact on the 

measured values as well. 
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Table 6.4 Value of the admittance of the dry sensor with 6 layers of glass fibres obtained with 
linearization, experimentally and their relative error 

 

The addition of glass fibres does not make a significant difference in the values of 

the admittance measured, and does not prevent the prototype to follow the 

infusion process. However, it seems to have an impact on the incertitude of the 

dielectric measures, especially for smaller values of the admittance. 

The design of the prototype, an array of sensors disposed at different points of 

the infusion mould, can be used to follow the filling of the mould on a 2D scale. By 

interrogating couples of electrodes placed at various distances from the entry point 

of the resin, the flow can be monitored not only along the length of the electrodes, 

but also across the group of sensors, thus effectively giving access to the flow in two 

dimensions. 

 
¸Ωdry calculated 

όмκʍύ 
¸Ωdry experimental 

όмκʍύ 

Relative 
error 

¸ΩΩdry calculated 

όмκʍύ 
¸ΩΩdry experimental 
όмκʍύ 

Relative 
error 

S1 -5.50x10-8 2.20x10-10 27600.00% 8.25x10-8 2.20x10-7 62.50% 

S2 -4.44x10-8 9.00x10-10 4988.89% 2.16x10-7 2.55x10-7 15.29% 

S3 -5.22x10-8 9.70x10-10 5481.44% 1.49x10-7 2.35x10-7 36.60% 

S4 -3.48x10-8 1.40x10-9 2585.71% 1.45x10-7 2.03.10-7 28.57% 

 
¸Ωtot  calculated 

όмκʍύ 
¸Ωtot  experimental 

όмκʍύ 

Relative 
error 

¸ΩΩtot  calculated 

όмκʍύ 
¸ΩΩtot  experimental 
όмκʍύ 

Relative 
error 

S1 1.66x10-7 1.49x10-7 11.41% 4.72x10-7 4.95x10-7 2.72% 

S2 1.76x10-7 1.90x10-7 7.37% 5.11x10-7 5.17x10-7 1.16% 

S3 1.08x10-7 1.36x10-7 20.74% 4.22x10-7 4.45x10-7 5.17% 

S4 9.12x10-8 1.17x10-7 22.05% 3.59x10-7 3.17x10-7 13.25% 
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 Composite cure  6.5.

After the infusions presented in section 6.4, the resin was left to cure at ambient 

temperature for 24 hours as described in section 5.3.2. The imaginary admittance 

was recorded for different frequencies along the whole reaction.  

Each experiment provided four sets of data corresponding to the four sensors 

addressed by the c-Diemos. For the sake of clarity, the following paragraphs will 

present only one of each set of results. 

 Epoxy only  6.5.1.

The curves obtained while monitoring the imaginary admittance during the cure 

of the unreinforced epoxy resin are shown in Figure 6.9. The response of one sensor 

for five different frequencies is presented.  
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(b) 

Figure 6.9 Real (a) an imaginary (b) admittance variations during the cure of RS-M135 resin 

The higher values for both the real and imaginary parts of the admittance are 

obtained for a frequency of 10 ƪIȊΣ ǿƛǘƘ ¸Ω ŀƴŘ ¸ΩΩ ǊŜŀŎƘƛƴƎ ŀ ƳŀȄƛƳǳƳ ƻŦ 

respectively 10.6x10-7 ʍ-1 and 3.00x10-7 ʍ-1. Smaller values of the excitation 

frequencies lead to smaller values of the admittance. 

For 858 Hz and 10 kHz, the admittance decreases as the cure progresses with 

time before reaching a plateau value. Between 200 and 400 minutes of cure, the 

ŎǳǊǾŜ ŦƻǊ ¸Ω ǇǊŜǎŜƴǘ ŀ ƭƻŎŀƭ ƳŀȄƛƳǳƳΣ ŀƴŘ ǘƘŜ ŎǳǊǾŜ ŦƻǊ ¸ΩΩ ǎƘƻǿǎ ŀƴ ƛƴŦƭŜȄƛƻƴ ǇƻƛƴǘΦ 

The curves obtained for lower frequencies do not seem to exhibit the same 

behaviour, but this cannot be clearly seen on the previous graphs due to the 

important difference between the values obtained at high and low frequencies. At 

ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘŜ ŎǳǊŜΣ ǘƘŜ ǾŀƭǳŜǎ ƻōǘŀƛƴŜŘ ŦƻǊ ¸Ω ŦƻǊ мΦн IȊ ŀƴŘ тп IȊ ŀǊŜ ōŜƭƻǿ 

the detection range of the c-Diemos. Therefore, they are not visible on the plot.  

When the same curves are plotted on a logarithmic scale, the difference in the 

shape of the curves with frequency is made more obvious, as shown in Figure 6.10. 
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(a) 

 

(b) 

Figure 6.10 Variations of the real (a) an imaginary (b) admittance during the cure of RS-M135 
resin (logarithmic scale) 

The real admittance curves present a local maximum at high frequencies. This 

local maximum decreases in amplitude and shifts towards higher values of time as 
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the frŜǉǳŜƴŎȅ ƻŦ ŜȄŎƛǘŀǘƛƻƴ ŘŜŎǊŜŀǎŜǎΦ ¢ƘŜ ŎǳǊǾŜ ƻōǘŀƛƴŜŘ ŦƻǊ ¸Ω ŀǘ м IȊ ǇǊŜǎŜƴǘs 

noise, likely due to the c-Diemos apparatus detection range. The curve of the real 

part of the admittance recorded at 10 kHz presents a split near the end of the 

infusion. It is likely created by the sensor and does not correspond to the resin cure 

reaction mechanism. 

The imaginary admittance curves likewise present local maximums moving 

toward higher values of time as the frequency decreases. However, their amplitude 

does not seem to vary with the frequency. The signal obtained at 1 Hz also presents 

noise when the values of the admittance reach the c-Diemos lower limit of 

detection.  

The local maximum of the admittance correspond to the dipolar relaxation 

(Gallone et al. 2001; Nixdorf and Busse 2001). Despite being averaged for 

modelisation purposes, the relaxation of the different dipoles present in the epoxy 

resin (see section 4.3.3) actually occurs with different characteristic times 

depending on the mobility and the surroundings of the dipoles. At the beginning of 

the cure, ionic conductivity dominates the signal, as discussed in section 4.3.1. 

However, the resin cure hinders the circulation of charges by increasing the 

molecular weight of the polymer, then forming the 3D network. At that point, the 

dipolar contribution to the dielectric signal becomes visible. The dipoles are 

however affected by the solidification of the resin as well: their orientation 

becomes more difficult as the crosslinking reaction takes place, leading to the 

modification of their characteristic time and the eventual decrease in their signal. 

In order to better investigate the relationship between admittance and 

frequency, the spectra of the admittance at different time of cure is presented in 

Figure 6.11. 
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(a) 

 

(b) 

Figure 6.11 Spectra of the real (a) and imaginary (b) admittance during the cure of the of RS-
M135 resin 

The spectra obtained are similar to the ones presented in section 4.4.2.4, thus 

validating the hypothesis of a predominance of the ionic conductivity contribution 
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to the permittivity of the resin studied. They are however not exactly the same, 

thus corroborating that the dipoles relaxation does play a role in the signal while 

the cure is happening, albeit minor. 

For the frequency range studied, the imaginary part of the admittance shows a 

linear trend at the end of the cure, thus translating the capacitive nature of the 

cured resin. This will be discussed further in section 6.6. 

 3 Layers of glass fibres  6.5.2.

The impact of glass fibre reinforcement on the dielectric measurements during 

cure is studied by infusing reinforced composite plates. The curves obtained when 

following the admittance versus time for an infusion realised stacking 3 layers of 

glass fibres on top of the sensor grid are shown in Figure 6.12. 
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  (b) 

Figure 6.12 Variations of the real (a) an imaginary (b) admittance during the cure of RS-M135 
resin reinforced with 3 layers of woven glass fibre fabric 

Despite a noisier signal, especially at 10 kHz, the shapes of the curves remain 

similar to the ones obtained for the epoxy resin, thus proving the flexible sensor 

developed is capable of following the cure of glass fibre reinforced composites. The 

dipolar relaxation are still visible, corroborating the work of Nixdorf and Busse on 

the influence on glass fibre reinforcement of epoxies permittivity (Nixdorf and 

Busse 2001). 

The spectra for the cure of the three layer reinforced composite are shown in 

Figure 6.13. The spectra obtained along the cure of a glass fibre reinforced epoxy 

matrix are similar to the ones obtained for the unreinforced resin. The glass fibre 

reinforcement does not seem to affect the resin cure mechanism, nor hinder the 

monitoring of the cure with the sensor prototype developed. 
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(a) 

 

(b) 

Figure 6.13 Spectra of the real (a) and imaginary (b) admittance during the cure of the of RS-
M135 resin reinforced with 3 layers of woven glass fibre 
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