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Abstract

The development of a new coplanar dielectrieiser able to monitor the entire
process usedor the manufacture otargecompositespanelswas tre main focus of
this study. The cure reaction of anindustrially availableepoxy resin was
investigaed using differential scanning calorimetry and dynamic viscomehry.
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 wer 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 builtorderto validatethe geometry
and fabrication protocobf the final prototype These sensors were used to collect
the variations ofadmittancein a frequency range of Hz- 10 kHz during the
infusion of glycerolthe infusion of unreinforced epoxy resin arbde cure of the
said resin. The results obtained with the first prototypemfirmed the chosen
geometry and structure of the sensor was suitabldditow the infusion and cure of
epoxy resinA first attempt at 3D modelling of the sensor was carried out.

A final prototype of flexible and reusable dielectric sensor was builtused 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 ofcl16z
kHz.The results obtained confirmed the prototype was able to follow the filling of
an infusion mould in two dimensions, aslvas the cure of glass fibrgpoxy
composite plates on a scale of centimetres. The influence of the number of
reinforcement layers on the admittanceneasured was found inexistent.n@
admittance obtained duringhe epoxy resircure confirmed the prevalence of the
migrating charges contribution to the resin admittance in the frequerayge
studied. The comparison of the results obtained with the resin characterisation data
suggested a way to closely follow the cuear the gel point of the resin.
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1. Necessity of Online Cure Monitoring and Thesis Structure

1.1.Scope and objectives

The deelopment 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 tke mould to the final composite plate. In this introductory
chapter, the need for such a technique is outlined before the thesis structure is

given.

1.2.Composite materials and their importance in the wind turbine

industry

Since the beginning of times, humarsvie been shaping matter to manufacture
objects and manifest their visions. After using readily availafdgerials such as
wood, bone or stone, they found themselves limited and thus began to create new
ones. They discovered that combining dissimilar congmts 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 limdeto the microscopic scale. Combining
materials on a macroscopic level has been done for thousands of years. Contrarily

1
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to a homogeneous mixture, the integrity of the individual components remains in
the final structure, called composite material. An exdenpf such materials may
date back from as far as the 4th Dynaétyrca 2750 BC) in the form tife oldest

iron plate everfound. Discovered in the Great Pyramid of Gizeh, Egypt, it is formed
of several iron laminates of different composition hammeredetbgpr. Different
alloyswould be later treated with this hammering techniquie: the llliad, Homer
describes Achilles' shield as formed of two layers of bronze, layers of tin and
one of gold(Wadsworth and Lesu&000)

If nowadays alloys are becomirgs$ and less prevalent in the industry, the idea
of combining dissimilar materials tweat a better one remains, as illustrated by
the rise of advanced composites in the last century. Fibre reinforced plastic matrix
are a familyof compositenow 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, aelespa renewable energies.
Yet, their manufacture on a large scale remam®stly based on empirical
procedures. That has been proven problematic, considering that any defect during
the manufacturing processight generate weak points in the final piece, likely to

becomelater sources of failures.

In the wind energy sector, thesfailures can have disastrous consequences. In
the case of a wind turbine breakdown, not only are costly and ‘thmesuming
repairs needed, but any interruption also implies a loss in energy produced during
the whole maintenance time. If the turbine happe 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 malfunctiooiswind turbinesis by far blade failure
(Cianget al. 2008) accounting for 8 to 20% of the cumulated downtime of a wind

turbine (Hahn et al. 2007; Lauteret 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 iS&lianget al. 2008;
CaithnessVindfarm Informdon Forum2018)

Considering that most of these failures can be linked back to improper
manufacturing of the blade material, the reliability issues shoulédddresse at as
early a stage as possible during fabrication. An online monitoring technigegab
provide real time information during the manufacture of the blade woule
beneficialto detect potential problems before the process is even finished
ensure the viability of the final product. This would prevent the loss in production
and the osts of potential breakages, making the wind energy sector more reliable

and therefore more competitive.

1.3.Thesis structure

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

After the present chapter, where the need of an online monitoriaghinique 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 tlesin 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 iptebehind
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 discussedn electric equivalent of he dielectric sensosystem is

likewiseexamined.

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 descriltéaially, the
results obtained wittthe 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 ichapter 3.

An overall conclusion of the results of the peas workand with suggestions for

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

Current Online Monitoring Solutions

2.1.Scope and objectives

This chaptestartsby describing the manufacture process of wind turbine blades
and the potential issues that can aridaring this step. The focuken shits on to
the different methods of online monitoring currently available, fdre
concentratingon the presentation ofthe dielectric sensorgeometriescurrently

available.
2.2.Blade fabrication process and potential issues

The design and choice of materials for the production of a wind turbine blade is
crucial to ensure the efficieycand reliability of thefinal machine. Similarly to
aeronautics, the shape of the blade must be carefully studied to be as aerodynamic
as possible, and the materials used must simultaneouslyrbag robust and light

weight.
2.2.1. Current design

Most blades &8 composed of a thin shell reinforced by spars, beams or webs as
shown in Figure 2.1 (Brgndsted et al. 2005; Lauteret al. 2017) These

reinforcements ensure a good repartition of the load along the blade.
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Composit .
Adhesive

Spar (load carrying devic

Figure2.1 Schematic of the inside of a turbine blade

The challenges associated with the reirding 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 failur@alappaththet al.2013)
2.2.2. Materials for rotor blades shells

The materials used to builthe shell must comply with three main constraints:
they need to be stiff enough to maintain the aerodynamic desigmetlade, light
weight to limit the impact of gravitgn the turbineand resistanenoughto fatigue

load to ensure a service of BD yearqVeerset al.2003)

Figure2.2 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 (Veerset al. 2003; Brgndsteat al. 20050 ¢ KS (G SN)Y aO2Y L2 aAd
wide range of objects, from wood to ceramics. Their common point lies in their
composition: twoor more different materials are combined to make a final product
with superior properties. Composite materials made of a fibre reinforcement

embedded in a polymer matrixFigure 2.2) have been extensively used ineth
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industry for decades. They are part of a much bigger family of madeagivhich a

classification is presented Figure2.3.
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Figure2.3 Classification of composites. In red, taeily of composite studied in the present work
(Adapted fromMatthews and Rawlings999)

The presentwork focuses only on the dual composite system formed of fibre
reinforced polymer matrixhighlighted in red ifrigure2.3 . The presentation of the

two materials forming the final piece is givamthe sectiorbelow.
2.2.2.1. Fibres

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. h the wind turbine blade manufacturing industry, the wide use

of glass fibres, and especiallyGass 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 relativeljow 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 strategica
areas of the blad¢Veerset al. 2003; Brgndste@t al.2005) A comparison of some

mechani@al characteistics ofE-Glass fibres and carbon fibres is giveiable2.1.

Table2.1 Comparison of the mechanical properties eGlgss fibres and carbon fibréBrgndsted
et al.2005)

Type  Stiffness (GPa) Tensile strength (MPa) Density (g.cri?)

EGlass 72 3500 2.54

Carbon 350 4000 1.77

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>slass reinforcement, in the current bladeanufacture procesgveers
etal.2003F (G KS 62NR GNBAYF2NDOSYSyié¢ oAttt SE

from now on unless otherwise stated.

)¢

2.2.2.2. Matrix

Working as a binder, the role of the polymer maisxo 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, éneymixed with a
hardener, heated or irradiated under precise conditions to initiate the chemical
reaction which results in the wanted final product. This curing phenoméaaaen
chemical reaction implying the crofisking of macromolecules and the creai of

chemcal bonds. tlis thus irreversible. Typical examples of thermosets used as a

8
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matrix in the composite industry are epoxy, polyester, vinylester, bismaleimide, and

phenolic resingGurit Holding2016)

Alternatively, thermoplastics polymers amaterials 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 aedaih 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 recyc(@grit
Holding2016) Polyetheretherketone (PEEK) is an example of a-pegtormance
thermoplastic polypropylene and polyamide (Nylon) are thermoplastosnmonly

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.
2.2.2.3. Composite material

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 ratdween 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 dhe rotor blades. Today, theypicallymeasurebetween 40
and 130 m.(Brouweret al. 2003; Veerset 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 defeatrograt the
manufacturing stage can have dramatic consequences on the blade mechanical

9
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properties, leading at best to expensive scrap patsl to failure in the worst case

scenario(Hahnet al.2007; Galappaaththet al.2013)

2.2.3. Manufacture of the blades

Compositematerials can be manufaated with various techniques such as spray
lay-up, wet hand layup, vacuum bagging, filament winding, pultrusion, resin
transfer moulding, autoclave or resin film infusig&rendstedet al. 2005; Gurit
Holding2016) For the sake of clarity, only thevo techniques relevant to rotor
blades manufacture will be described hereamely wet layup and liquid composite

moulding

2.2.3.1. Wetlay-up

The wet layup processhas been used for decades to make boat shells or
chemical tanks and is still relevant for small blades up to 8fer (Veerset al.
2003) It is wellknown, simple, requires lowost equipment and is appéble 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 presg@erit Holdirg
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 produdBesidesthe resins traditionally useth
wet layup are potentially harmful to the operatorwho can notably develop
styrene emission poisoning from polyester resin and dermatitis from eGxyit
Holding2016)

10
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2.2.3.2. Liquid composite moulding

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 (VARTMY hesin
infusion (LRI), resin film infusion (RFI), and injeetiompression RTM-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 systenerisdiwed util

solidification of the resiiBrouweret al. 2003; Gurit Holding@016)

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 iRigure2.4:

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

(2) The stack is then covered with peel ply and breathingitalbefore being
vacuumbagged.The breathing fabric is a porous media allowing an even
flow of the liquid resin during the infusiolVithout 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 bringsti flow into the reinforcement stack until
the latter is fully impregnatedAfterwards, he resin is cured according the
manufacturerspecifications.

(4) When the curing process is complete, the vacuum bag, breathing fabric and
peel ply are removed. At thgooint, the composite obtained is ready for

further assembly

11
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: 7 Mould
@ Reinforcement
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Figure2.4 Schematic of a resin infusion process

The side of the final piece in contact with the mould has a smooth finish, typically
correspording to the outside of the blade sheti 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 necessaryherefore, 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 sictures can be produced using this technique, makingnt
especiallyinteresting choice for the manufacture of blade shells in one seamless
piece. Comparedto wet layup, the health and environmental risks are reduced

thanks to the resin being cured invacuum bagBrouwer et al. 2003) Finally, the

12
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automation of the RTM process further reduces the process time and thus reduces

costs (up to 40% compared to the wet4ay procesgLong 2005)

However, the infusion process is a complex techaighat can present some
issues likely to impact the properties of the final composi{®cllhaggeret 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 teare
(uneven flow of the resin flux or interfaces during mould filling, dry spots,
AyO2YLX SGS FAfEAYIX0TI SaLISOArtfte Ay GKS
infusion strategyBrouweret al.2003) In thick laminatesthe curing processan be
uneven: the heat geerated by the exothermic reaction at the core of the lamireant
is difficult to dissipate due to the poor ¢éhmal conductivity of the resin whiamay
result in over cured matrix. Localariations in the degree of cure and thus
improperly cured matrixcan also occur due to the gradients of temperature
(Bogetti and Gillespie, 1991Finally, the cure cycle of the resin is typically based on
the recommendations of theresin 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 theompositematerial.
2.2.4. Possible defects

The production of large composite panels is an industrial process thatimay
result in the presence of defects in the final product, leading to potential blade
failure. Those dfects 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 cruciakp influencing most of the mechanical properties
of the final part. Defect linked to this step of manufacture can be classified into
several typeqSgrenseret al. 2004; Cairnset al. 2011; Galappaththet al. 2013;
Yaget al.2013)

13
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1 Porosity/voids: air or residual gas bubbles are present in the cured
composite.

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

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

1 Delamination: the laminated composite becomes separated, usually
between two layers of reinforcement.

1 Non-homogeneity in the fibre/resin distribution: Some areas are too rich
in fibres/resin.

1 Fibre misalignment ply waviness: The reinforcement fibres show
waviness, alng with the plan of the layp, or through the stack.

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

1 Foreign inclusion: foreign objects are trapped into the composite,
typically between two layers of reinforcement.

1 Improperly curel matrix: The polymer matrix is either over or under
cured.

1 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% void content leads to a
decrease of 10% in the inté@minar shear strength and 5% in the bending stiffness
of a cured thermoset composittMatsuzakiet al. 2011b) Similarly, fibre waviness
can lead to failure of flat glass fibre/epoxy composite panels at-78%of their
reference ultimate failure stress. Delamination causes brealkége even lower
value, around 32988% of the reference ultimate failure stre@Salappaaththet 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

14
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structural failures, ending up in a sudden stress felrechanism and the

spectacular collapse of the blaq&anget 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 acurately. 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 inWgable information to detect issues at an early stage
during production and ensure the viability of the final pie@datsuzakiet al.

2011a)

2.3.Current dielectric sensing techniques for composite cures

Considering how minor defects can have dramatic consequences on the
mechani@al propeties oflarge composite piec close attention has been given to
the monitoring of thér manufacturing processBecause theisk of creating flaws is
significant during resin infusion and cure, particular attention is required during

these steps
2.3.1. Interest of dielectric analysis for thermosets cure monitoring

Several online composite monitoring techniques have already been developed
(LaurentMounier et al. 2005; Konstantopoulost al. 2014; Lauteret 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), sfmueters, 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 viabl€Schubekt al.2013)

For that reason, the monitoring of the resinfusion 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 feedbdtkra 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 ofhee mould to the final part, as shown ihable 2.2
(Konstantopulos et al. 2014) Some of the investigation methods are even
destructive and therefore cannot be considered for-lore monitoring of a wind

turbine blade.

Table2.2 Comparison of different composite monitty techniques (adapted from
Konstantopoulos et al. 2014)

Flow front Degree of cureVoid content Delamination

Dielectric analysis K K K K
Direct Current K K
Electromagnetid analysis
properties Electrical time
domain K K
reflectometry
Optical fibre
P K K
Mechantal interferometers
properties Ultrasonic
K K K K
transducers
Optical fibre
i K K
Opt'cél refractometers
properties
Spectrometers K K
KF
*Only by Infrare
Thermo Thermometers K K yby (
dynamical (IR)
properties thermography
Pressire transducer K
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Amongst all teseapproaches, the dielectric analysis presents the advantage of
being one of the few nowlestructive, welestablished 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 {glass/epoxy laminate composites, which are low loss dielectric
materials (Chin and Le&€007) thus making dielectric methods suitable to the
monitoring of their fabrication(Bidstrupet al. 1989; Stepharet al. 1998; Skordos
and Partridge2004; Chin and Lee 2007; Yat@l.2014)

During the polymerisation reaction leading to the resin solidification, its physical,
chemical and structural properties undergo changes that impact the diatect
properties of the matrial, providing an effective means for indirect-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 matial (Kranbuehlet al. 1989) This dependence will be

studied in more detail ichapter3.

Finally, because dielectric measurement does not require the sensor to be in
direct contact with the material studied, it can be embedded itoal such as a
mould and thus does not damage the surface of the material, preventing additional

manufacturing(Mcllhaggetret al. 2000; Yenilmez and Murat SoZ£09)

2.3.2. Existing dielectric sensors

In order to follow the variations of the dielectric properties of tresin system
during the whole infusion processeweral types of sensors have been developed.
Those devices are usually composed of electrodes in contact with the material to
investigate. A timevarying voltage is applied between the electrodes, establishing
an electric field in the material. This eldctfield 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 studi€glenturia and Sheppard Jr

1986) The way these devices operate will be described in more detetilapter4.

Dielectric sensors have been developed for tindine monitoring of the infusion
process and are starting to bemployed industrially nowadays. Two main
geometries are commonly found in literature: parallel plate sensor and comb or

coplanar sensorsThey shall be briefly discussed in the following isest
2.3.2.1. Parallel plate sensors

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

of epoxy resins systemBigure2.5) (Shigueet al. 2004, 2006)

Figure2.5 Parallel plate sensom blue, the medium investigated, in grée 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 considi@nore
representative of the monitored process than the data obtained with a surface
sensor(Mcllhaggeret al. 2000; Mamishe\et al. 2004) Parallel plate sensors have
been used to follow lie cure of both an epoxy resin alone and a glass fibre
reinforced compositg(Nixdorf and Buss€001) However, the necessity to have
access to both sides of the curing plate makeem unsuitable to follow a liquid
infusion, in which only one side of the composite remains in contact with the
mould. They are also unpractical ifdarpieces of composites, such as rddades,

need to be monitored across their whole surface. Fasthreasons, the industrial
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use of parallel plate sensors seems limiiadarge scale composite manufacture

despite their benefit§Mcllhaggeret al. 2000)
2.3.2.2. Coplanar sensors

Interdigitated sensors, or comb sensors, are the most common type of dielectric
sensor used when it comes to monitoring tirdependent phenomena. Composed
of two co-planar electrode intertwinedRigure2.6), they are commercially available
and have been extensively used to monitor the dielectric properties of various

materials, including epoxy resin during cyidstrupet al. 1989; Kranbuehét al

1997; Skordos and Partrid@®04)

Figure2.6 Schematic of a comb dielectric sensor.latk, 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 thesignal 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 thesignal is changed and a spatial profile of the material
tested can potentially be achievedhismears that stratified mediuns such as
complex compositegan be investigated without the need to access each layer

separately(Mamishewet 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 iRigure2.7.

Figure2.7 Representation of the penetration depth of the electric field with different spacing of
the sensor electrodgadapted fromMamishevet al. 2004)

However, the electric field intensity decreases proportionallyatoexponential

factor Q  (where 1, is the penetration depth) Hence the accuracy of the
measurement decreases when the int@amger distance increasess the signal
intensity can reach the lower limit of detection of traielectric measurement
apparatus. To see 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 thickaess

shownschematicallyn Figure2.8.

A 2o

Figure2.8 Representation the electric field repartition for different electrode groun¢fidgpted
from Mamishevet al.2004)

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

0 — 2.1)
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where N is the number of electrodéblamishewet al. 2004)

The location othe 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 @alth 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 composis (Banget al.2001; Yangt al. 2016)

However, the typical scale of those sensors ishef drder of a fewmillimetres
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.Neverthelessthe geometry of coplanar sensor seenaslie adaptable to
larger scales. Aiggerscale, coppebased ceplanar sens® has been designed and
investigated, showing interesting preliminary results in its ability to monitor the

flow front and cure of glass fibrepoxy composite¢Skordoset al. 2000)

2.3.2.3. Other geometries

In addition to parallel plate sensors and comb sensors, seweénial 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 @feailmez and Murat Sozer
2009) To achieve this, an array of copper plates is embeddedhendp of an RTM
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mould. Another matching array of copper plates is embedded at the bottom of the
mould, sothat the closing of the machine crezd 50 parallel plate capacitoeble

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, wiffositive results (LaurentMounier et al. 2005)
One step further, the use of etured carbon electrodes was proven promising in
the caseof a carbon fibre reinforced composifgnada and Todorok2003) This
type of embedded device could allow the investigation of carbon fibre reinforced
composite manufacture with a minimal impact ¢ime final composite mechanical

properties.

Last but not least, a disposable areensor array made of several square
interdigitated sensors covering the entire bottom of a vacuassisted resin
transfer noulding (VARTM) mould was proposefMatsuzakiet al. 2011b) This
device can monitor both the resin flow and the temperature during the whol
process using the frequency dependence of the resin permittivity. Moreover, it is
able to detect out of plane resin wetting in the reinforcement.eT¢ensor can
remain attached to the composite part after the curing progessorderto monitor
the compasite health as the manufacturing process continues furtherjtaran
simply be peeled offMatsuzakiet al. 2011b, 2011a 2012) before additional

manufacture

2.4.Chapter Summary

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 rems difficult to follow in real time In

particular, the liquid resininfusion processwyidely used for the creation of large
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composte pieces, still requires onlineonitoring despite being a crucial step for

the final properties of the final composite.

Orf all the nondestructive methods of characterisation that could be applicable
to the monitoring of the said infusion process, dielectric monitoring presents the
advantage of being theoretdly able to follow the entire procedurérom 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 themallsize.

The present study aims tbelp sohing this issueby developing a new type of
dielectric sensor suitable for the monitoring of the infusion process on ararge

scale.
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3. Epoxy Resin Characterisation

3.1.Scope and objectives

In this chapter, the cure of the R®&L35 epoxy resin mixed with the fast
hardener R3/1H134 provided by PRF Composite Materials is investigated. An
overview of the epoxy resin cure mechanism is given and a kémeticlel of the
cure is discussed. The kinetistudy of the resin system during cure can be
performed using chemical methods suds 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 pteserk,
differential scanning calorimetry and dynamic viscometry are used to investigate

the kinetics of the epoxy resin curing reaction.
3.2.Cure of epoxy resin

The curing reaction ahe epoxy basedRSM135 thermosetting resinnvolves a
crosslinking of thepre-cured polymer chains triggered by the addition of a
hardener. The mechanism of this reaction follows a rather complex kfetic

behaviour, discussed in the following section.
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3.2.1. Mechanism

¢tKS RSy2YAylLiGA2y aSLI2Ee& NBA&AYEandhed S NA

solid polymerized material containing epoxy groups showrigure3.1.

0
VA

Figure3.1 Epoxyfunctionalgroup

For ease of storage and longer stability, the monomer is uspetipolymerised
using bispheneA (Agarwal et al. 2017), resulting in the reactive molecule

presentedin Figure3.2.

0 0

H H
A OF OO O

Figure3.2 Prepolymerised epoxy resin with bisphenol A

The number p corresponds to the number of times the nibbetween the
brackets is repeated, called degree of polymerisation. At thigge, the pre-

polymer is under a viscous liquid form.

The actual tidimensional cross linking reaction resulting in the epoxy resin final
properties involves a hardener or @sinking agent, typically an amine with a
functionality tmine>2, such as diethylene triamine (N8H),NH(CH).NH,). The
amine sites react with the epoxide group, opening the ring by a simple addition

mechanism shown iRkigure3.3. This addition reaction is autocatalytic.

= HO . 4
f "_-. HENWW — \/‘\N\N\AJ—C-LNWW\/\,

Figure3.3 Addition of an amine site to an epoxide group to form a polymer chain
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In the case of diethylene triamine, each molecule presére reactive sites and
thus can react with five prpolymer chains, resulting in the configuration shown in

Figure3.4.

OH OH

Figure3.4 3D grid of epoxy resin cured with a triamine

Other curing agents contaimg oxygen or sulphur can be us@khcroft1993)

In the cured state, the epoxy ringsave 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 occurg, 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 produomgdimensional
polymer chains, but rather starting to formtlaree-dimensionalinked 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 theypoér resin.

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

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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RSINBS 27F OdzNgto the corsumdntdra afJfugcioray groups (here
epoxides) is defined. Therefore {10 O2 NNB A L2y Ra (2 (KS ydzya

left at a set time. A general rate of reaction is then giveriBilyeuet al. 2001}

-
Q0o
where k is the rate constant and n the order of the reaction.

| 31

However, this equation only takes into account the concentratioredxides
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

Q.

oY Q p | (3.2)

¢ K S" 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 equati(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

(@]]
0p)

not autocatalytic, then the reaction rate will be maximaNfb h ' n = G GKS
the cure. It will then decrease dke polymerisation reaction occurs. However, if
the reaction is autocatalytic, then the maximuaof the reaction rate will not be
observed at the start of the reactiobut rather reached for aigher 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:

Q 0Q (3.3)
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where A¢ is the pre-exponential function, Eahe activation energy of the
reaction, Rthe perfect gas constant and the absolute temperature in kelvin.
Equation(3.2) becomes:
Q|

0o 0Q | p | (3.4)

Autocatalytic reactions can be triggered by impurities such as water or remaining
ions from the resin formulatioffKarkanast al. 1996) Therefore, the reaction rate
at the beginning of the cures, in practice, never null.hlis, the reaction rate
equationhas to bemodifiedto take into account thewutocatalyticcharacter of the
reaction. To that end, an initial reaction rate independent of the advancement is

introduced in equation(3.4) whichbecomes:

— Q QO p | (3.5)

where k; is the reaction rate at the start of the reaction and khe rate of
reaction for a system without impurities. Those two reaction rates follow th
Arrhenius law given in equatig8.3) and k can betheoreticallyextracted using the
NEFOGAZ2Y NIXGS G "r'no 126SGSNE (KAA Y2
cure of epoxy resin. In particular, a deviation toward thed eof the cure can be

observed(Karkana®t al. 1996)

Further refining that model andaking into account all the different reactions
that can happen during an autocatalytic cure, Hogeal. (Horie et al. 1970)
proposed writing the reaction rate as

Q|

o Q| Qxep | 0 | (3.6)
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where B is theratio between amine equivalents to epoxides equivalents. In the
case of a perfectly stoichiometric mixture, B=1 and the equation becomediegua
(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 orderg; and n, (Karkanas
et al. 1996) These two reaction rates correspond respectively to the addition of
primary and secondary amines the epoxy group, as discussed in secB8dhl In

that case, the reaction rate becomes:

2 Q Q

96 p | I p | (3.7)
Thisequation has been successfully applied to model the cure of epoxy/amine

resins in the literaturgKarkanas and Partridge, 2000herefore, unless otherwise

stated, it will be assumed that the cure of tiRSM135 epoxy resin follows the

model described by equatiof3.7).

Asmentioned in the introduction of the present chapter, several techniques give
access to the kinetgof the cure reaction. In the present study, DSC and dynamic

viscometry are used, and will be discussed in the following sections.
3.3.Differential scanning calorimetry

Differential scanning calorimetry (DSC) sed to follow the cure of the ®M135
epoxy resin and develop a model of the cure for both dynamic heading

isothermal conditions.
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3.3.1. Experimental protocol

The DSC experiments werearried out using a PerkinElmer DSC 6000
(www.perkinelmer.co.uk/corporate). It B single furnace setting DSC similathe

one shown schematically Figure3.5.

sample reference

Ts Tr

AT =Tr-Ts

single heat source

+ thermocouples *

Figure3.5 Schematic representation of the DSC chamber

Special aluminium cruciblesere sealed with either the substance under study
(in the case of the sample) or air (in the cade¢he reference) inside. The crucibles
were placed in two symmetrical depressions for analysis. Two thermocouples
collecied the temperature of the sample {rand the reference (Y while a single
heat source regulaithe temperature inside the closedhamber. The temperature
RAFFSNEYOS 0SiGsSSy (G(KS &l YaimSasuied RRGI | YR
time. Since the sample and refereneee subjected to the same temperature
profile, the difference between their respective temperatureancbe used to
determine the energy change due to thexothermicreaction takirg place in the
sample crucible. That temperature differeneasrecorded and post processed by
GKS teNARan AyadNHzySyd YIrylF3aiay3a az2fFidsl NB

obtain the heat flow a a function of time.

A temperature and cell calibratiowas 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 differencieveen
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the temperature of melting measured and the theoretical valuas 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 andvasused to convert the temperature difference
into heat flow. Inthe case of this study, indium wased as the reference material

before each run.

To ensure reproducibility of the eepgmental results, a batch of§M135 resin
and RSMH134 hardener was mixed before quickly being divided into weigtte
al YL S&a y2 KSrhdse Salplawnétdsgaledimpto atu@inium crucibles
andfrozenatmy ¢/ G2 aft2¢ GKS NBIFIOGAZ2Y R26y Y

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

Twotypes of experimentsvere performed on the epoxy resin samples: dynamic
runs and isothermal runshe protocols for each analysis shall be described in the

following sections.
3.3.1.1. Dynamic runs settings

To perform the dynamic runs, the sample crucibiastaken from the freezer,
immediately placed in a preooled DSC at eitheo ng /-p /R8N0 YR {1 SLIG ¥
minute at that temperature before being subjectedto aramp af 4 kK Y68 ¥ K YA Y
86/ KYBey! K. Y0Acy/ K ENY nne/ K YAY dzLJ (wasthenvkeps /| ® ¢ K
G0 onneYAF@&NS 2§STF2NE 0SAy3 022t SR R2gy 0+

3.3.1.2. Isothermal

In the case of an isothermal run, the samplastaken out the freezer, placed in
a preheated DSC at 80/15% /20 /2% 2 NJ onge/ FyR € ST4 G2 OdzN

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

3.3.2.1. Dynamic runs

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 severalmechanisms simultaneouslyKenny and Trivisand991)
Typically the crosslinking process between the monomers and the increase of the
resin viscosity are greatly impacted by how quickly the sangleeated. 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 whe#r or not the cure mechanism is affected by the

heating rate as well as obtaining the total hegénerated by the cure reaction

The curves obtained for different heating rate of epoxy resin samptepared

with the protocol described in sectidgh3.1are presented ifFigure3.6.

40.0 T rrrreeee A
35.0 .

300 —————————————————————— !

% = 1°C/min i

; 25.0 +4°C/min " 1

o 6°C/min |

= 200 <8°C/min - .

£ = 10°C/min |

15.0 «20°C/min oo J

» 40°C/min !

10.0 : - ----------____E___________E ___________ E

5.0 i : : |

0 50 100 150 200 250 300

Temperature (AC)

Figure3.6 Heat flow in the dynamic cure of /835 epoxy resin
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The heat flow decreases until reaching a minimum point, befloceeasing and
reaching a plateau as the resin approaches the vitrification pdig. to the
vitrification point, the mobility of the charged speciespisssibleand improved by
thermal agitation. Tius thereaction rate increases with the temperature. &ftthe
vitrification point, the formation of the 3D network greatly reduces the mobility of
the species, causing the drop in the reaction rdtee minimum of the curves shifts
towards higher temperatures as the heating rate increases. The resin useeé in th
present study cures at room temperature. Therefore, when subjected to a low
heating rate, the cure happens gradually and the heat released bgxbthermic
reaction is distributed along the duration of the experiment. When the heating rate
increases, th 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

NEFOGA2yZ 2NJ RSINBS 2F Odz2NB h

P Q.
SR T A @8

where H 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 scang, it is assumed the system undergoes a
O2YLX SGS NBIOGA2yd® LYy GKFG OFaSz GKS

total heat of reaction using equatia(3.9).

| 0 o 3.9

where H(t) is the cumulated heat from the start of the experiment to the instant
ttand HA&a GKS {(2GFrf KSFG 2F NBIFOUAZ2Y
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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 obserasd
shown inTable3.1. Different heatng 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 betweéC/min and 40°C/minf-or the
rest of the analysis, the average of thtained heats of reaction will be used in the

calculations.

Table3.1 Total heat of reaction for the cure of epoxy resin

Rate (°C/min) 1 4 6 8 10 20 40

Total Heat of

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

Average (J/g) 354

Stan. Deviation 32%

Figure3.7 shows the reaction rate as a function of the degree of cure for all the

heating rates studied.
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Figure3.7 Reaction rate in theynamic cure of RE135 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, theeaction rate reaches a maximum at a fixed degree of

cure, as shown byable3.2.
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Table3.2 Temperature and conversion at maximum reaction rate

rate al EAYdzy Temperature at max Degree of cure at ma
(°C/min) (min™) Rhk RO 6c Rhk R
1 2.25x10? 55.8 53%
4 7.91x10° 826 57%
6 1.07x10* 87.1 53%
8 1.47x10" 95.1 53%
10 1.84 x10* 97.5 53%
20 3.32x10" 110.1 53%
40 6.29x10" 127.0 52%

Independently of the heating ratéhe 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 equatin(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.
3.3.2.2. Isotherms

The cure of the resiwasA Y @SaGA3IFGSR G wmne/ I wmps/
showing the reaction rate of the cure versus time for these three temperatures are

given inFigure3.8.
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Figure3.8 Reaction rate verss time for R$1135 epoxy resin under isothermal conditions

C2NJ GKS SELSNAYSyGa |G mne/ YR Hpel Z
before reaching a maximum and decreasing until a value close to zercufve
obtainedl & mp e/ LINB & S yftie degihningrdf e\ expirimerit bBiefore
decreasing. This is likely due to the preparation and the storage of the samples. As
described in sectio.3.1 a batch of resinvasmixed and divided between several
crucibles. Thisvas not instantaneous and the resin daime to react before the
reactionwasput to a halt by freezing the samples. Therefore, tuee reaction hd

already started before the samplegere put in the freezer.

As discussed in sectidh2.2 thereaction rate is not maximal at the beginning of
the reaction, indicating the autocatalytic nature of the reactiorligher
temperatures of cure lead to a higher maximum value of the reaction rate,

confirming the reaction is temperature dependan

The curves showing the reaction rate versus degree of cure are shokigure
3.9. For all the temperatures tested, the reaction reaches a maximum and

decreases with the advancement of the reaction. None of the curves @debree
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of cure equal to one, indicating that the reacteare 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 cui@r the same length of time.

0.007 -

0.006

o
o
S
a

0.004

0.003

0.002

Reaction rate (1/min)

0.001

0.000 - . . f . i

0.0 0.2 0.4 0.6 0.8 1.0
Degree of cure

Figure3.9 Reaction rate versus degree of cure folRIS5 epoxy resin under isothermal
conditions

The curveshownin Figure3.10 confirm the incomplete nature of the reaction
for all temperatures atthe end of the experiment. The evolution of the final

degrees of cure with time reaction is givenTiable3.3.

Table3.3 Final degrees of cure of i35 epoxy resin under isothermalnaitions for 24 hours

Mne/ Mp e/ Hpe/

Final degree of cure 37% 92% 9%

38



Epoxy ResitCharacterisation

= 10°C
15°C
x 25°C

600 800 1000 1200
Time (min)

0 200 400

Figure3.10 Degree of cure versus cure time forME35 epoxy resin under isothermal conditions

Thefinal degree of cure forthe @Ay GNBFGSR G0 wpe/ A& K
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 theed resin at temperatures between
40-mpne/ T2 N dARF Gonposite Mde2ialzgNZB15bhis additional step

ensures a full cure of the resand thus enhanced medanical properties.
3.3.3. Kinetic s model

Using the experimental data presented in the previous sestidhe kinetis
model discussed in sectidh2.2wasfitted to the epoxyresin studiedoy means of
the solvertool in Excel The absalte error was calculated between each valus
the heating rate recorde@xperimentallyand the heating rate calculated usirtge
mathematical model. Thesum of those errorswas minimised using the GRG

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

By fitting the results presented iRigure3.6, it was possibleto determine the
parameters forequation(3.7). They are presented ihable3.4 and the comparison
of the curves obtained with the model and the experimental results are given in
Figure3.11.

Table3.4 Calculated parameters of the kinetimodel for the dynamic cure of RREL35 epoxy
resin at constant heating rates

Average
A; (minY) E@.mo)  Ay(minY) E(J.mol) Ny Ny m fitting error
290247 443797.5 1000069 44441.0 0.227 1.193 0.36 44%
0.7 -
0.6 - R
]
, M 6/ KYAY
g% n e/ KYAY
3 c s/ KYAY
S 0.4 - y 6/ KYAY
© Mn s/ KYAY
c Hn 6/ KYAY
2 03 nn e/ KYAY
o —— Model
= 0.2
0.1
0 ﬁ pp—— " i . a
40 80 100 120

.60
Time (min)

Figure3.11Fit of the kinetismodel forthe dynamic cure of R8135 resin

According to those resultshé chosen parameters are suitable to model the cure
2F (KS NBaAy FT2NI KSIFIdAy3a NIXiGSa 0SisSSy wm
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3.3.3.2. Isotherms

The results of the isothermal experiments are used to find another adet
parameters suited to model the isothermal cure of theMRE35 resin withequation

(3.7). The new sets of parameters are presented able3.5.

Table3.5 Catulated parameters of the kineticnodel for the isothermal cure of REL35 epoxy
resin

Average
A (min)  E@.mo) Ay(minh) B (J.mol) Ny N> m fitting error
290247 443797 1000069 44441 0.23 1.87 0.5 45%
0.007
= Mmneg/
0.006 -
« mpe/
o 0.005 Hpe/
E —wmn s/ Y2RS
%0'004 —mMps/ Y2RSt
E
& 0.002
0.001

0 100

200

300

400 500
Time (min)

Figure3.12 Fit of the kinetismodel for the isothermal cure of REL35 resin

The modelled curves obtained, presented-igure3.12, show a good fit with the
SELISNAYSY(l f

R I #HbweVer(ihe mupve dbtaihdyaR1 G Hppesehtsb

quite a large discrepancy with the one obtained using itieghematical modelin

the mathematical modelthe temperature and degree of cure are considered ideal,
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which is not represerdtive ofthe reality during the experiment. This ispecially
true when extreme values of temperatures or heat rate are used, thus leading to

more divergences between the experimental values and calculated ones.
3.3.3.3.  Summary

Investigaing the cure of theRSM135 epoxy resin under dynamic heating and
isothermal onditions confirmedthe autocatalytic nature of its cure reactiom
model of the cure kinetics was fitted tboth dynamic leating settings and
isothermal cure A discrepancy between the set of parameters obtained for the
isothermal cure and the dynamic mu is observed, but this is likely due to
experimental errors on the isothermal dati.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 experimahsettings.The model developed
for isothermal cure shalhonethelessbe used in sectior8.5 to determine the
degree of cure at gelation, as well asdhapter 6 for the interpretation of the

dielectric sensor prototype response.

3.4.Rheology of the RSM135 epoxy resin during cure

In their uncured state, thermosetting resins are viscoelastic materials exhibiting
properties of noANewtonian fluids(Franck2004) During cure, the polymer chains
grow and a three dimensional crosslinking reaction takes place between the long
polymer chains, as explained 3 2.1 Because chains have less and hasdility as
the reaction progresses and the three dimensional network forms, the viscosity of
the resin increases continuously until the material becomes solid. luspbssible
to follow the cure of a resin by following the variation of its viscositth time
(Kennyet al. 1990; Lapigue and Redfo2D02) When the crosslinking of the long
polymer chains becomes prevalent over the mobilityhef saidchans, 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 visco¢ifarkanas and Partridge 2000)

The dielectric properties of epoxy resiare closely linked tdheir viscosity.
Therefore, investigating the changesthe viscosity of the resin as it cures prosde
valuable information that shalbe later linked to the dielectric sensor prototype

results.
3.4.1. Experimental protocol

The investigation of the R8135 thermoset epoxy resimvas done using a
controlled strainexperiment. A rotational oscillatory shear tests performed on
the epoxy resin during its cure using a Malvern Bohlin Gemini Nano rheometer. The
curing resinwas placed in a 150 micron gap between two disposable circular
parallel plates of a diameter 28m, as shown schematically kilgure3.13. In order
for the curing reaction to start at the beginning of the experiment, the resin and
hardenerwere mixed right before a few dropwere put between the plates. The
distance betweente plateswasthen set at 150 microns and the excess resin at the
edge of the platesvascleaned with a spatula. The systemaseither left at room
temperature or placed in a small crucible to control the ambient temperatiine
recordingof the measuremats wasstarted, the setting of the parameters and data
collectionbeingachieved by the maaof the Bohlin R65103 softwaprovided with

the rheometer.

Oscillating plate

Resin sample

Fixed plate

Figure3.13 Geometry of the oscillatory shear test
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Duing the test, the samplevas SELI2 aSR G2 | FAESR &Aydz
RA&LIX | OSYSyiduv 2F nodnnam gAGK Fy Fy3dzZ I NI F
transmitted to the fixed platewas monitored as the resin cudceand its viscosity

increasel.

In the linear domain of the polymeviscoelasticity (small displacement), the
storage modulus, the viscosity of a material is defined as the ratio between the

force (stress) to the deformation rate (sheéDeshpand&009)

B (3.10)
Assuming a sinusoidal strain

1 OBTo (3.11)

GKSNB a: GKS FYLX AGdZRS 2F (GKS adhkhey | yR

excitation,the stress is expressed by
., - OBTO 01 OBTO 01 @&l o (3.12)
GKSNB . A& GKS TNBIdzR ¢ Oa (kB 258N/ theyE GAVIR
LKl &S o0SGseSSy adaNBaa yR aidNIAy® DQ Aa
modulus. The complex viscosity of a material is linkedhese quantitiesby the

relations:

Sl - - (3.13)
0

- T (3.14)
"0

- - (3.15)

DQ O2NNBalLlRyRa G2 GKS SySNBHe@ ofekhdi (GKS
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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 fériyd —

translates the viscous character of the material tested. Whan €1, the loss
modulus prevails and the material is considered a viscous liquid. WherIathe

material behaviour verges towards that of a solid.

Duringthe resin cure, its behaviour ewas fromviscousliquid to glassysolid.
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.
3.4.2. Experimental results

In orderto investigate the viscosity variations of the-R$35 epoxy resin during
OdzNBz G2 GSYLISNIY (GdzNBa de teStddNThe dWmo YO A Sy

experimentswere carried out using the protocol presented in secti®d.1
3.4.2.1. Ambient temperature cure

¢KS StladA0 Y2Rddzfddia o6DIXDTV A AyEReedd®d &Y 2RI O
during the cure of epoxy resetH n ®y ¢/ |FgBe334K 26y AY
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At the beginning of the cure, the signals for all theantities are very noisy.

According to the data provided by thesie 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 elastiodoius stabilises around 110

minutes after the start of the recording.

The viscous modulus curve exhibits an almost linear increase from 2 Pa to
7.4x10" Paafter 300 minutesof reaction Around 125 minutesfter the start of the
experiment a small shouldein 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 minu@$er the start of the experiment. Iteacles
a plateau of 40 Pa between 145 and 185 minutes. Afterwards, the curves exhibit a

linear increaseip to 1.4x10° Pa at the end of the experiment
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The loss factor presents two maximunase is observable around 100 mingte
when the value of the elastic modulus becomes high enoudteteecorded by the
rheometer. The second maximum takes place around 180 minutes, when the slope

of the elastic modulus changes.

According to Tung and Dyn€lung and Dyne$982)the gel point of the resin
can beestimated using the viscous and elastic modulus curves. In the liquid state of
the resin, the viscous properties of the resin domirstte G NI yaf I GAy3 G2 TC
resin cures and the 3D network starts to appear, the resin solidifies, its elastic
respofy &S GF1Sa 20SN) 0KS @Aald2dza 2yS |yR DQ
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 shokigune3.15.
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® I
S2 1 Viscous Modulus
+ Elastic Modulus
1 Interpolation elastic modulus
Interpolation viscous modulus
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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 frequeli€yng and Dynes 1982)
and may not be accurate for all syststm a I {83 di1SI®91)proposed that the
gel point corresponds instead to a sharp change in the slope of the elastic modulus
curve. According to this theoryigure3.15 can be divided ito two regions, A and
B.

Region A corresponds to agagel 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 equat({Bri4).

In region B, thelD 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 thus determined using theecondmaximum of
tant, shown inFigure3.14. Forthe R& Mop NBaAy Odz2NBER i Hno
hardener R$/MH134, it corresponds to 188 minutes after mixirichis gel point
provides the very end of th@ractical 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.
3422 Yyt o# AOOA
The same experiment wasepeated, this time keeping the temperature of the

NB&EAY Fi nn e/ ® ¢KS FKuleh@ida 200G Ay SR F NB
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Figure3.16 Elastic modulus, viscous modulus aodhplex viscosity versus time during the cure of
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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 arond 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 stilgives a false value to the complex viscosity despite the

latter being above the upper detection legaf the apparatus.

The viscous modulus curve exhibits a linear increase from 2 Pa to a maximum of
4.4x10° Pa at 155 minutes. The elastic modulus lingamcreases from 1 Pa at 70
min to afinal valueplateau of 1.310° 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 s 22 NJ LJARt & | Gs nn
to be stableenough at the time gelation occurs. This confirms that a higher

temperature of cure leaslto a faster reaction.
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Studying variations of the elastic and viscous modulus of the epoxy resin during
cure provices 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 ptotypes inchapter6.
3.5.Rheology and DSC experiments comparison

The rheometry and DSC analysis of the resin provide complementary information

on the cure mechanism of the R&L35 resin.

Using the isothermal model developed in dent3.3.3.2 the theoretical degree
2F OdzNB 2F (GKS NBaAy OSNhRdza GAYS |G wHnoy

of rheometry measurements at the same temperaturerigure 3.17.
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Figure3.17 Variations of the Elastic modulus, viscous modulus and degree of cure ofMiE3RS
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The gel point obtained by using the change in the elastic modulus slope
corresponds to a degree of cure of 58%, which isranmm accord with the

microscopic explaation 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 argrgjdo
create the final 3D network, is unlikely to take place near the end of the
polymerisation reactionThe glass transition is expected the end of the cure,

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

Using the kinetis model, the degree of cure is calculated as a function of time
FT2NJ Iy A&2GKSNYI The @dedlISbhihed & \Superiinpbsed ta the ®
curves of the dynamic viscometry experiment at the same temperaturgguare

3.18.
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FHgure 3.18 Variations of theelastic modulus, viscous modulus and degree of cure of thé¢1RS
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'O nne/ 3 snioleSindicatey that thédegree of cure reaches 58%
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 theinenvestigated during
cure. Considering thathe polymerisation reaction is exothermimore materialwill
produce more heaand thereforespeed up the cure, whereas lessterialwill cure
more slowly Moreover, the results obtained with the aforementn@d viscometry
experiments are likely to be incorreatot 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 poolifd0 minutes

(PRF Composite Materials, 2015Which should beelativelyclose to the gel point.

Using the standard gelation theory of Fldiiory, 1953)the degree of cure at
the gel pointh 4 is given by:

a Q0 p Q p (3.16)

where Mamine aNd Mepoxy are respectively the moles of amine amegoxy reacting,
and tmine and Epoxyare the functionalities of the said amine and epoxy. Assuming

the reactants are introduced in stoichiometric proportions,
d “Q d “Q (317)
and thus equatior{3.16) becomes:

P
) o o) o (3.18)

Using the values ofafine=3 and §pox=2 provided by te manufacturer(PRF
Composite Materials, 2015p)the advancement of the cure at gel point is
theoretically equal to 50%Tl herefore, the value of 58% found experimentally shall

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

In this chapter, the cure of the RM135 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 kingticodel for both dynamic
testing conditions and isothermal cure of the resin. In the present study, the resin
investigated is curet 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 thease of a modification of the cure temperature.

The data provided by the rheology measurenwindicated 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 amcous modulusurves 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 tb new dielectric sensor prototyggresentedin chapter5 and

chapter®6.
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4. Theory of Dielectric Monitoring

4.1.Scope and objectives

In this chapter, the principles behind dielectric monitoring are byiefplained
before focusing on the different phenomena responsible for the dielectric
behaviour of thermoset resg1 Electrical circuit equivalences for those phenomena
are examined before presenting a simple electrical equivalent circuit for the sensor

prototypes and their surroundings
4.2.Dielectric monitoring principle

As described isection2.3.1, dielectric monitoring requires a sample of material
placed in contact with two (or more) electrodes. A tiwvarying, typically sinwsdal
voltage is applied, creating an electric field in the materiagéstigated. This electric
field generaes a resulting timevarying current in the material, which is recorded.
The induced current results from twmain phenomena taking place in the lxuof
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
significantlyduring the process, thus providing a way to follow th&ingreaction.

The sinusoidal excitation voltage and resulting current can be expressed as:
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o wOoOgfglo (4.1)

‘W 00FTO - (4.2)

where \4 an | are the amplitudes of the voltage Bn  OdzZNNB y i NS a LSO

the angular frequency of the signal andthe phase between the voltage and
current.

By using complex notationhé voltage and current expressions become:

1 Z

w wQ (4.3)
© "0Q (4.4)

The admittance is then defined by :

w O L.
O = O Q& (4.5)
w
, O, O.. . .,O_ ..
w =-Q —Al O Q-OEj3 (4.6)
W W W

The real and imaginary part$ ¥* are thus:

. O_.
w —AIlO 4.7
W
and
. O .
w - Ok (4.8)
W
respectively.

lo and are frequency dependen{Senturia and Sheppard 1886) thus the

admittance measured depends on the frequency of the excitation signal.
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4.3.Theory of die lectric monitoring thermosets

As discussed isection 2.3.1, thermosets resins such as epexare low loss
material reacting to electric fields. They can be characterised by their complex
NBfI 0ADBS LISNIAQGAR OAKARE s RISNNY AGQL A GAGE Aa |
several phenomena taking place when the resin is subjected to an eléeldc

They are presented in this subsection.
4.3.1. Charge migration

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 specidge to the polymerisation process described3i2.1
Charges from the hydrogen bonds of the final cured 3D network can also be
considered as a contribution to the conductivity of the curing réMijovic 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 proportion&l by a factor u

called mobility:

v 0600 (4.9)

where v is the velocity of the charged speciesits mobility and E the electric

field applied.

The contributions of the different species presemthe resin are cumulative and

thus, the overall conductivity can be expresseq@esnturia and Sheppard 986)

, no o (4.10)
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GKSNB - A& GKS YSI adzNRBRHR chargeyRuzder of the § &
charge caier per unit of volume and the mobility of the species It is assumed
that the conductivity of epoxy resin is mainly due to free chloride and sodium ions
resulting from the monomer fabricatiofFava and Horsfield 1968; Senturia and
Sheppard Jt986)

The ion migration phenomenon is dominant at low frequencies, where ions have
time to move through te bulk of the material. It isesponsible for the main
contribution to the permittivity of the resin athose frequencies. That contribution

is expressed by:

- Tt (4.12)

- —— (4.12)

GKSNBE S Q@AY RIKOG A GA G & the AngulbKf@quendy sof thfe>

excitationsignal & R o is the permittivity of free space.

In addition to the conduction phenomenon, two types of polarisatimmtribute

to the permittivity of the material. They are described in the following sections.
4.3.2. Electrode polarisation

Electrode polarisation is lacal 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 theharged 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 ofTihis charged area close to the
St SOGNRBRS A& OF ft SBnted B2 dediguge 41 @ SNE | YR
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Figure4.1 lllustration of the electrode polarisation phenomenon

The polarisation phenomenon is observable when the frequency of the
excitation signal is low enough to allow theigration of the ions through the

medium towards the electrodes.

According to the model developed by D& al (Day et al. 1985) the
contribution of the electrode polarisation to the permittivity of a parallel plate

capacitor is:

- O
0O - cQ
- o 5 (4.13)
— Q
(0]
() ca P
- " o 0 (4.14)
— 30}

g KS Nl ¥ Ryuar@tie real and imaginary part of the complex permittivity
of the bulk material, Ris the distance between the two electrodes, anglisl the

double layer width shown iRigure 4.1.

Because electrode polarisation depends on the accumulation of charges near an
electrode, it is closely linked to the mobility and abande 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 fregye

4.3.3. Dipolar relaxation

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 beidkd 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 randgnblyt when an electric
field is applied, theyend to align their dipole momergwith the field lines. When
the electric field stops, they return to their original statgeé Figure4.2 a and b).
This return can be hindered by thecreasing viscosity of the curing resin or the
formation of the 3D network. Thereforsome of the energy stored by the dipole is
dissipated through the movement of the dipole returning to its initial position{sor
potential interactions with other spees created during the 3D network formation.
In the case of an epoxy resin, the epoxy and amine groups of the reactargiNthie
groups presents on the intermediate products of the reaction andg®él andgNH

groups forming the final polymer are all perment dipoles(Galloneet al.2001)

Contrarily to permaent dipoles, induced dipoles do h@ossess an intrinsic
dipole moment in the absence of an electric field. The application of such a field
modifies the spatial distribution of their electron cloudlijovic and Fitz1998)
creating a dipole momentséeFigure4.2 ¢c and d). Because their polarisation relies
on the movement ofelectrors rather than the orientation of molecules, this
phenomenon is almost instantaneoand does not dissipate energy throudthe

movements of the dipole
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(©)

(d)

Figure4.2 lllustrationof 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 viewin reality, the dipoles tend towards an alignment witle telectric field rather than
achiewe t), (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 singlaxation time, the

contribution of dipoles to the permittivity is given @enturia and Sheppard Jr

1986)

(4.15)

(4.16)
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Several relaxation times can be present, depending on the dipoles and their
nature. However, the preval@e 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 wilbe assumedas a simplificationThis relaxation
time is affected by the formation of the 3D network during the resin curethas
resin solidifiesthe network hinders the dipole orientation, especially in the case of
big moleculegSenturia and Sheppard 1886) For that reason, the relaxation time

increases during cure, adusthe permittivity of the epoxy resims afected
4.3.4. Other phenomena

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 paffidasgaris
et al. 1998; Psarragt al. 2002) or fillers (Senuria and Sheppard Jt986) an
additional interface polarisation is observab(@lijovic and FitzZ1998) 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 thepermittivity (Tsangariet al. 1998)

It is important to note that the permittivity of any material is temperature
dependent. Therefore, the temperature should be monitorat all time during
dielectric measurements in order to ensulfee variationsof permittivity observed
are caused byhe cure of the resironly.
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4.3.5. Total permittivity

The effects ofthe presented contributions to the permittivity of the resin are

cumulative and thus the permittivity of epoxy resin is given by:

_Z _Z _Z _Z (417)
- °
o _- cL2 S (4.18)
¢Q - O p 1 '
- cQ
0o
o @ °F s - -1t
Q - o 1- p 1t (419
- c'

The contribution ofthe 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 orientaitothe

frequency range chosep—| ————— andthe previous equations simplify to:
- - 4.20
o 1 ¥ 20
- —— 4.21
1 (4.21)
Ly GKS fAGSNY GdzNBzX Ad RSTAYSR | a

qualitatively linked to the degree of cure and vistpsin thermoset resins, the
apparent conductivity is inversely proportional to viscosity before gelafiijovic

and Fitz 1998) During the cure of the resin, due to the procesduced
temperature rise, the viscositiirst 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 ofi¢ ions and leading to an overall decrease in the

conductivity.
4.4 Equivalent circuits of the sensor prototype

The dielectric permittivity can be directly correlated to an idealised electrical
model circuit composed ofmacroscopicelectric components(Mijovic and Fitz

1998) That equivalence shall be discussed in the following section.
4.4.1. Relation between permittivity and admittance

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 thguantity monitored depends on the phenomena
studied. All the immitance fwtions are linked to each other via the angular
FTNBIjdzSyOe . | yR askskowr iakad.l LI OA Gl yOS /

Table4.1 Relations between the different immitanc@slapted fromMacdonald1987)

B F Y* Z* M*
5 F @ _P P
Q7 Q] 02
- ; p Q)
v a1 - P
1 G g
7+ _P P 07
al -° oY Q)
m 2 a1 @1 @
i ;

The main difference beteen 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 theesent work.
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4.4.2. Equivalent circuits for the different phenomena

The three main contributions to the permittivity described 43 can be
modelled by phenomenological electrical circuit analogies. The energy dissipative
processes awespond to the behaviour of a resistance while the energy storage

phenomenoncan be assimilated to a capacit@vlijovic and FitA998)
4.4.2.1. Charge migration

Assuming that charges are moving instantly when submitted tofigdd, their
movement through the material purely dissipates the energy of the electric field,

thus corresponding to a simple resistante A eRaTO%6)

w N (4.22)

4.4.2.2. Electrode polarisation

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 simglectric equivalent is much more
difficult than simply using a combination of capacitors and resistances. Focusing on
electrode polarisation as a parasiphenomenon, Feldmaset al. (2001)reviewed
different approaches to representing the electrode polarisation. Their fractal
approach, based on the theory that the electrical double layer isssalilar, gives

the corresponding admittance:

Py 0] Q7 (4.23)
0 d 04
WKSNBE A 1 wnImB A& GKS FTNIOGIEf SELRYSYI

frequency, comprised in a certain range where the electrquidarisation seHl
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similarity hypothesis is validlhis range depends on the electrode geometry and
compositonL ¥ AT nX GKS St SOGNRRS LRtIFNRAFIGAZ2Y
0S02YS&a | OFLIOAG2NI 2F Mk ! 6 A lnete WhiddeR P LY
dzy Al A& RSLISYRSYyG 2y Ao

4.4.2.3. Dipolar relaxation

To represent the behaviour of dip@eelaxation in the resin, dth induced
dipoles and permanent dipoles have to be taken into accountheequivalen
electrical model. As discussed 43.3 induced dipoles react instantaneously and
only the electron cloud is affected by the field, which daesdissipate energy. For
that reason, they can be approximated by a simple capacitgr Eermanent
dipoles both store and dissifa energy through theirorientation in the electric
field. Therefore, a capacitorpém and a resistance Bm in series are necessary to

account for their behaviour.

The overall circuit for a single relaxation time dipolar relaxation is shown in

Figure4.3.

Figure4.3 Equivalent circuit for permanent and induced dipoles

If permanent dipoles with different relaxation times are present, for each
relaxation times, another set of ret#mce and capacitance in series needs to be
added in parallel to the previous circu{Mijovic and Fitz1998) However, as
discussed iM.3.3 a single mean relaxation time will be assumed flbrpeesent
RALRESEd® ¢KAA NBf I EfFBMaBan GAYS O2NNBALRYR:
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The admittance of the dipole orientation circuit shownHigure4.3 is thus given

by:

W - (4.24)

W (4.25)

4.4.2.4. Overall circuit model of a thermoset resin

The overall circuit of the thermoset resin comprises a representation for ion
migration, electrode polarisation (E.Rpd dipole orientation. The ion migration
resistance (R, is added in parallel to the circuit corresponding to the dipole
orientation. The electrode polarisation is symbolized by twpedancesone for
each electrode)in series with the contribution oflipoles and ions. The overall

circuit is presented ifrigure4.4.

God ||
Il
I:i)erm Cpefm
—MA——
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Figure4.4 Equivalent circuit of a thermoset resin

The model parameters are determined by using the seatrthe uncured resin
acquired with the final sensdretween 1Hz and 10 kHz (see sect&B.l). Those
parameters are given ifable4.2 and the corresponding modelled spectra are
shown inFigure4.5. The blue zone corresponds to the frequency rasgedied in

the present work.
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Table4.2 Parameters used in the theoretical electrical circuit model of thRIFES epoxy resin
system

N A (N\.S-O's) Gnd (F) Cperm (F) R)erm (N\) Ron (N\)
0.5 10 6.0x10* 15000 25540 1.3710’

Log f (Hz2)

Y'(1/Ohm), Y"(1/Ohm)

Figure4.5 Real and imaginary admittance of the uncuR8M135epoxyresin electrical
equivalent circuit.fl blue, the frequency range investigated in the present study

By plotting the spectra of the different contributions with the admittance spectra
in Figure4.6 a and b, it is notable that the electrode polarisation is only prevadént
low and high frequencies. In the frequency range studied (t Hx 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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Figured.6 Real (a) and Imaginary (b) admittane&the uncuredRSM135epoxyresin electrical
equivalent circuit and the contributions of electrode polarisation, dipolar orientation and charge

migration

3, ionic conductivity is the main contribution to the

As highlighted in sectioA.

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 viscasity
formation of the 3D networkAs a result, & increaseswith time. To imitate that
effect on the admittance obtained with the theoretical model, the value gf R
varied while keeping all the other parameters identical. The resulting curves are

shown inFigure4.7.

The spectra presentedere shall be compared to the one obtained by the sensor
prototypes during the resin cure in chapters5 and 6 in order to validateion

migration as the main contribution to the epoxy resin permittivity.
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Figure4.7 Effect on an increase of,Ron the real (a) and imaginary (b) admittance o tRS
M135 epoxyesin 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. Assumitgt ions migration is the main
contribution to the dielectric properties of the studied materjaand 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 resistain paralle(Mijovic and Ri

1998)
4.4.3. Equivalent circuit of the overall sensor + resin system

If the microscopic phenomena taking place during the cure of an epoxy resin can
be modelled by using an electrical circuigquevalent, 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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4.4.3.1. Dry sensor

The dielectric sensor iair can be represented by anCRparallel circuit. The
resigance 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 R&d&isections5.2.2and5.2.3), 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 reinforcerant layer placed on top of the sensor before the infusion
process described in chapteR.2.3.9 also add their contributions to the electrical
properties of the dry sensor. An equivalent circuit of the whole system is given in
Figure4.8.

Rsensor
— AN

Figure4.8 Equivalent circuit of the sensor in air

4.4.3.2. Resin infusion

When the resin starts to flow otop of the dielectricsensor, the electrical circuit
can be divided ito two sections: the part of the sensor wetted and the part that is

still dry. They can be represented by two parallel cir¢sit®wn inFigure4.9.
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Dry part of the sensor
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Figure4.9 Equivalent circuit athe partially covered sensor

Assuming that the resin infusion is much quicker than the resin cure, the
variations in the admittance measured apgimarily due to the difference of
permittivity between air and the resin being drawn on top of the sensoe. énsor
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 moulk®kordost al.2000)
4.4.3.3. Resin cure

Once the filling of the mould is complete, the equivalent electrical circuit of the
sen®r fully covered with resin isnceagain a simple RC circugiven inFigure4.10.

However, its characteristics are modified by the resin now covering the electrodes.

Got ||
I

Rot
— A

Figure4.10 Equivalent circuit of the sensor fully covered by epoxy resin

The dry part of the circuit presented iRigure4.9 has disappeared and only

remains the wetted part. At that point, it issauned that the observed variations of
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the admttance areonly 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 curedsin (with potential reinforcement) can
likewise beassimilated 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 possibléo detect defects such agorosity in the final composite
plate by comparing the values recorded for the corresponding RC circuit to those

obtained for a perfectly manufactured composite.

4.5.Chapter Summary

Epoxy resin is a dielectric material characterised by its permittivity. Taim m
phenomena contribute to the said permittivity: migration of the ions present in the
material and polarisation, which can be sdivided into electrode polarisation and
orientation of the dipolar speciesxising in the resin. Because the formation dfet
three dimensional network of the polymer affects all of these mechanisms, the
permittivity of the resin varies as the cure reaction progresses. Thigspdassible to

follow the curing reactioy investigating the changes in permittivity with time.

Peamittivity 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 rein system is developed using electrical equivalences. By
choosing the frequency range of the excitation signal so that electrode polarisation
is negligibleand ion migration prevailsthe curing resin can be assimilated to a
resistance and capacitor in glel. 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 parktel 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 benonitored by following the admittance as a function of time.

Ly LN} OQGAOSs: F2ftt2Ay3a . Q | yRhdabR I &
the new dielectric sensor developed in the present work to be operational along the
whole process of infusionrdm the mixing of the resin to the final composite plate.

This shall be discusseddnmapter5 and chapter6.
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5. Preliminary Dielectric Sensor Prototypes : Development

and Characterisation

5.1.Scope and djectives

As seen irsection4.3, 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 yetlie adapted to an industrial scale and
tested for reinforced composites. To that end, the present research develops an
entirely new dielectric sensor. Thidevice has to be designed before being
manufactured and tested. In order to validate the viabilihndageometry 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.
5.2.Sensor prototype s manufacture

The work of A.SkordogSkordoset al. 2000) proved that wo 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 oplarar
sensor describedh section2.3.2.2 it has beendecided 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 direati@f 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 descnbegction2.3.2.2 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 futm
copper, due to its good electrical conductivity (58.6° S-n) and wide availability.
However, the material composing the sensor substrate reeexdbe 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 towithstand numerous cycles of infusion process andrawrilding. In the
interest of an industrial application in the wind turbine industry, it shoukbabe

possible to manufacturé in relatively large quantities.

In order to design and test the appllwéty of the proposed geometry, several

sensor prototypesvere considered and investigated.
5.2.1. PCB sensor

A first suggestionvasto use flexible printed circuit boards (PCBs). Consisting of a
thin layer of conductive material, usually copper, printed onxifie plastic
substrates, PCBs allow precise control over the geometry of the printed conductor.
| 26 SHSNE Yl ye FftSEA0fS OANDdzAGEA R2 y2i

application in the case of infusion processes. Some manufacturers proposseflex

OANDdZA G YIFOGSNRAFE GKFEG OFy LISNF2NXY F2N GS

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
FTNRY wmn (2 wmnn additiohaypRotection,ite 2atmiuctive yager is
directly in contact with the resin, thereforékely to be damaged by successive

infusions.
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A preliminary test of small PCB sensors, showRigure5.1, was nonetheless

carried out but the inconclusive results lead to shifting the focus to another design.

Figureb.1 Prototype of a small PCB based sensor

5.2.2. Kapton® film prototype

In order totest the suitability of the dimensions proposed for the sensor, a very
simple prototypewasmade 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 independet sensors. The distance between the electrodes of each
sensorwas2 mm and 5 mm respectively. Those two sensors will be referred to as
SK for the 2 mmspacedelectrodes and SKor the 5 mmspacedelectrodes. Those
electrodeswere insulated from the alunmium plate, held in place and protected by

Kapton® tape, as shownhigure5.2.

Copper wires

z Kapton
L |

Figure5.2 Schematic of the Kapton® sensor layout

e



Preliminary Dielectric Sensor Prototypes: Development abbaracteisation

Kapton® is a polyimide filmdevells R 06& 5dzt 2y Gu LINBASYy(GAy3
to heat and mechanical stress. In the present study, it is also used as a release film
RdzNAYy 3 (GKS AyTFdzaaAzy FyR OdaNB 2F G(KS SLRE

film made adhesive by the addition okdicon adhesivéo one of its side.

The aluminium plate on which the copper wingsre attachedwasplaced on an
aluminium bench, electrically groundjrthe system and ensuring tredectric field
was created only in the material placed on top of the vareffectively creating a
half-cylinder shape One end of each copper electrodeas soldered to a female
BNC cable connector (https://uk-mnline.com/web/p/bncconnectors/5121174/)
in order to be connected to the dielectric measurement device (see sebt®d).

The other endvasleft free.

This sensowastested 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 thisensor will be presented further in this chapter in section

54.1
5.2.3. First PEEK-based prototypes

After validating the overall geometry of the sensor prototype using the
aforementioned Kapton® sensor, the developmeht flexible sensowas carried
out and two new sensor prototypesvere manufactured. The aimof these
prototypes was to validate the sensor fabrication protocol, as well as to choose

between two possible device configurations, discussed later in thisogect

The matrix chosen to encase the copper electrodes polyetheretherketone
(PEEK). PEEK is a serpstalline thermoplastic extremely resistant to mechanical
stress and stable at high temperature, thus making it a suitable material for the
sensor fabication and mdustrial use. It presents a glass transition pcamound
M N o but doesnot melt under 348 / ® ¢ KS LINB&aSyd addzRe dza
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The overall conceptf the sensor prototypessto 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 wikgsre placed in contact with solid
PEEK sheets in a precise layout described further snséition. The PEEK and wire
systemwasthen put under pressure in a heating press and heated until the melting
point of the PEEK. At thatage the PEEK flosd and enclosd the wires. After
cooling down, the PEEK matrix solidif@round the copper wireelectrodes and a

flexible sensor prototyp&asobtained.

In order to maintain the copper wires parallel during the whole process, a
guiding toolwas designed and built. It consed of a 400 x 300 mm, 20 mm thick
aluminium plate, cut on two opposite sidegth sixty 2 mm wide gouges placed 5

mm apart, as shown iRigure5.3.

Figure5.3 lllustration of the copper wire guiding tool
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The purpose of these gougesmsto keep the copper wires evenly spaced and

parallel to each other during the melting of the PEEK in the heated press.

Two distinct layoutswvere tested for the prototype manufacture, as shown in
Figure5.4 and Figure5.5. For both prototpes created, the same protocol was
followed: the guiding tool warst covered by a Kapton® release film before PEEK
sheetswere added. Eight parallel flat copper wir@gere cut from the same 0.05
mm thick and 1.5 mm wide flat copp wire usedin section5.2.2for the Kapton®
sensor. Thewere cleaned with acetone, dried and placed on top of the PEEK in
adjacent slots of the guiding tool. The wiregere put under tension and taped at
the bottom of the guiling tool. Depending on the prototype layout, a second set of
PEEK filmsight be added. The whole systemas covered with another Kapton®
release film and an aluminium plate. The sta@splaced at ambient temperature
in a heating press, put under a peeslzZNS 2F wmn o6FNAR FyR KSI
minutes before cooling down. The pressunas maintained during the cooling
down until the temperature reaclse ambient. The temperaturgamp during the

cooling downwasnot controlled.

One sensorprototype was formed by layering two 150 x 250 mm sheets of 12
>Y GKAO]T t99Y FAEY 2y (2L 2F (GKS aSyazN
GKSY 6A0GK Fy2GKSNI) (62 aRdgend ALthe PEEKOp > Y
melted, it encasal the wires before solidifying around them during the cooling

down. This sensor will be referred to as.SP
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PEEK
sheets ’
Copper —
wires
Kapton®
covered

aluminium
plate

Figure5.4 Schematic fabrication of the "sandwich” PEEK sensgr (SP

The second prototype smor consigd2 ¥  mMpn E HpAa YYI MHPp
film on top of which the copper wiresere placed, before being covered directly by
the Kapton® release film and aluminium pld&gg(re5.5). In order to ensure a good
repartitiz Y 2F (G KS YSt (S Rhims@edeylacedvanail four ¥ornérk A O]
of the PEEK rectangle. As the PEEKemhelihe wireswere pressed down under the
10 bars load. The final produatasa sensor in which the copper wiregere level
with the surface othe PEEK, rather thansideit. This sensor will be referred to as
SRB.

Kapton®
covered

aluminium
plate
Copper ———————————
wires ; [ . .
PEEK sheet

Figure5.5 Schematic fabrication of the orsded PEEK sensor {SP

For both sensors, the surface in contact with the infused medams covered
with Kapton® tape. Th&epadded an additional protection layer for the electrodes

and facilitatel the removal of the material investigated after each experiment. In
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the case of the SPsensor, the infusiondok place on the PEEK rich sidmitom
side onFigureb.5).

Similarly to the Kapton® sensor, females 50 Ohm BNC cables conneeters
soldered onto one extremity of each copper electrode while the other wasleft
free. The copper electrode exmities, having been oxidised by the heating in the

press,were etched with a 10% HCI solution before being soldered.

The two sensors obtainedere flexible, dd not present air bubbles or visible
defects in the PEEK matrix. Theyere sturdy enough to udergo infusion
experiments. The sensor SRormed of a thicker sheet of PER¥Gsless flexible but

easier to manipulate and overall more robust.

The two prototypeswvere tested by following the infusion of glycerol. The results

are given in sectiob.4.2 further in this chapter.
5.3.Composite plate s manufacture and monitoring

In order to test the response of the dielectric sensor in industrial conditions,
several infusions needl to be performed, with and without glass fibre

reinforcement. They followd a similar procedure than the one describedi.3.2
5.3.1.Composite material components

The composite materials used for the present research project have been

generously proded by PRF Composite Materiéigtp://www.prfcomposites.com)

The epoxy resin useih this studyis the R8M135 (PRF Composite Materials,
2015b) It is a bisphaol A based resinformulated for the fabrication of glass,
carbon and aramid fibre reinforced compositeBhis resin ismore specifically
designed for applications in shipbuilding, wind turbines and sports equipment. Its

ultra-low viscosity of 200 mPa atps/ YI 1Sa AdG ARSIt F2NJ
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vacuum infusion. The processingtoeNEaAy OFy o6S YIRS 06SGsSS
and its operating temperature rangesfromn e/ G2 cn e/ $AGK?2dzi
G2 yn e/ 6A0K LI aid CsdaieByexphiketitelisttiisicedtiaNG LINE

Somerelevantresin properties are presented irable5.1.

Table5.1 RSM135 resin properties

5Syairie +Aao0z2aAi
(g.cm®) (mPas)
1.131.17 700-1100 166-185 0.540.60

Epoxide equivalent Epoxide value

The epoxide value given ifable5.1 represents the number of epoxide groups

per gram of resinlt is given by:

QN ¢ WANEQD & % 2 pJuT T (5.1)

The R8M135 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 harderer RS
MH134(PRF Composite Materials, 20)15bhis amine based hardener allows a-20

30 minutes pot life for the mixed resin. Some of its properties are givarabie5.2.

Table5.2 RSMH134 hardener properties

5Syaride H +raadzarade | Amine vale(mgKOH.Q)
0.941.00 1050 166-185

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 the manufacturer as 10:3 in weight.

After the hardener and the resin are mixed, the mixture cures at room temperature
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(20-Hpe/ 0UEX OKFy3AAYy3 FNRBY | Of SI N OA&a02dza
then undergo a heat treatment at 40mpn e/ (2 AYLINR @S GKS
properties of the composite. This heat treatmentalledpogcure. The main focus

of the present study is on the curing process itselid not on the final composite

plate. The mechanical properties of tmeanufacturedcomposite are thus irrelevant

for the present vork and the posture heat treatmentwas purposefully omitted

while manufacturinghe composite plates.

The reinforcementnaterial used in all the composite plates fabricatisra plain
woven roving glass fabric ER006 at 800g(RRF Composite Materials, 2015&ith

a warp count of 1.8 th.cthand a weft count of 1.5 th.cth
5.3.2. Infusion and cure methodology

The sensor prototypes presented in this chaptere used to follow the infusion
of glycerol as well as the infusion andre of the plain R$1135 epoxy resin. The
infusion of glass fibre reinforced epoxy composite plates is studieapter6, but
the methodology for the composite infusion being very close to the one used for

epoxy or glycerahfusion, 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 mwere layered on top of the sensor, as
shown inFigure5.6. These layersvere coveredwith a breathing fabric layebefore
being vacuum bagged hisporous 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 pldtekness varied from 2

mm to 5 mm.
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Vacuum bag

Breathing fabric

Reinforcement

T
Composite layout

<«——— Kapton® tape

2 —_— = —_— Copper electrodes |

Sensor

<— Sensor matrix

Figure5.6 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 ensurevacuum, tacky tapevas applied on the outside of the sensor, two
inletswere placed in two opposite corners of the formed square and a vacuum bag
waspositioned on top of the whole system, as showrFigure5.7. Tacky tapavas
likewise wrapped around the inlet and outlet tubes at their junction with the

vacuum bag to ensure the airtightness of the bag.

Outlet
y
5
@-_- I
I Reinforcement
I wEm .
<+— PEEK sensor matrix
@-_- I I e
:I N
I wEm
@-_- I L
:I — -
<+——\/acuum bag
I e
() e Copper electrodes
:I .
-+ Tacky tape
Inlet

Figure5.7 Top view of a composite plate infusion setting

After drawing the vacuunn the bag and verifying the absence of air leaks, the
epoxy resinwas mixed with the hardener and immediately infused through the

layers of reinforcement. When the fabneashomogeneously wetted by the resin,
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the inlet and outlet tubesvere clamped befoe the systemwasleft to cure at room

temperature for 24 hours.

In the case of an epoxgynly or glycerolinfusion, the layers of reinforcement
were replaced by a meshed resin distribution medium to prevent the vacuum bag
from sticking to the sensor sucda, & well as to ensuraghe resin progresse

homogeneously along the wires.

The dielectric measurements, recorded withet device presentedn section
5.3.3 were started with the vacuum being drawn in the bag, just before ngitime
resin and hardener. Theyere stopped after complete cure, 24h after the end of
the infusion process. The vacuum bag and breathing fateie discarded and the

cured composite plate&vasremoved from the surface of the sensor.

5.3.3. Dielectric measurement device

The dielectric measurementsvere performed with a customized Dielectric
Monitoring system (€ieMos) developed by Engineering Technology Solutions E.E.
(ETS E.E.). Four dielectric sensors enw@&® plugged in simultaneously using 50

cm long BNCablesof resistance 50 Ohmgttps://uk.rs-online.com/web/p/coaxial

cable/4262038). The resistance and capacitance measured by the dielectric

sensorswere logged and processed by thefsware provided with themonitoring

device.

In parallel, the ambient temperaturevas recorded using a thermocouple. The
first cure experimentsvere monitored with a FLIR200infrared camera to assess
the variations of temperature in the composite plaguring cure The curing
reaction is exothermic, but it was conjectured that the large surface ratio of the
composite plate andhe contact with large metallic surfaces would allow a quick
dissipation of the heat produced. No temperature variations in theeplaere
visible for three different cure experimentsherefore it was assumed that the
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temperature of the experimentvas the ambient temperature recorded by the

aforementioned thermocouple.

Before an experimentvasrun, an automatic calibration of each to couples of
BNC cablesvas performed using a knowfRC circuit box comprising 0 Ohms
resistanceand 12 pF capacitanda parallel This step ensuckthe contribution of
the cableswasremoved from the dielectric measurements. One couple of cables
was plugged into the calibratiorbox and an automatic calibration protocatas
started. The protocofun three multifrequency analyses and matched tksistance
and capacitanceecorded during these analyses the theoretical values of the
calibration resistace and capacitance. This protosedsfollowed for each couple

of BNC cablesefore each infusion trial

Two to four independent recordings of the same cuwvere made for every
infusionexperiment. Each of the four channels of th®®emos can be dedicadeto
a couple of electrodes from the sensor prototype. In this chapter, only two couples
of electrodeswere recording for each experiment, but the four channedsre used

for the testing of the final sensor prototypliscussed in chaptes.

A multifrequency analysiwasperformed to follow the composite cure: sixteen
sinusoidal signals of frequencies between 1 Hz and 10 kHz with four frequencies per
decades (Hz, 2Hz, 3Hz, 6Hz, 12Hz, 22Hz, 40Hz, 74Hz, 136Hz, 251Hz, 464Hz,

858 Hz, 1585Hz, 2929Hz, 5412Hz and 10kHz) and amplitude 10 Were

aAYdz GFyS2dzate aSyid gAGK | alFYLXS NFYXaGS s
measured by the dielectric sensors in response to the excitation sikyeat

recorded as a functioof time for a period of 24 hours. Following the experimental

protocol described in sectio.3.2 the recordingwasstarted before the resinwas

mixed to obtaina baselinefor the sensor in airThe monitoring catmued until the

end of the 24 hours cure.
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5.4.Prototypes tests

All the sensors prototypes presented in sect®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.

5.4.1. Kapton ® prototype

The Kapton® film sensovgere used to validate the suitability of the parallel
electrode geometry for the monitoring of an infusion armdire process. The
response of the Kapton® sensmastested in different configurations: infusion of
glycerol, infusion and cure dRSM135 epoxy resin. The influence of intarnre

distance on the signal obtainedasbriefly studied.

5.4.1.1. Infusion of glycerol

Glycerol is innocuous and relatively inexpensive. It presents the advantage of
being a viscous fluid of which dielectric properties are knq@®agurl953) thus
making it appropriate to test the suitability of the geometry chosen for the

dielectric sensor. Some relevant properties of glycerol are givéalite5.3.

Table5.3 Properties of glycerol

Viscosity (Pa.s) Dielectric constant Conductivity (S)
1.41 41.14 10°

Thecomplex permittivity of glycerol is given:by

- - Q - Q— (5.2)
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GKSNBA G KS RASESOGNRO O2yai Mehies3E iR G K
Aa

the permittivity of free $J- OS | Yy R GKS y3dz | NI FNBIj «

Prior to the experimerg the Kapton® sensor surfasas cleaned with acetone
and left to dry. An additional layer of infusion meshsadded on top the sensor in
order to prevent the vacuum back from sticking to theser surface and facilitate
the glycerol flow. The glycerelasthen drawn in the vacuum bag, along the length

of the electrodes, as shown Figureb.8.

Aluminium plate

Qutlet

Tacky tape RESI N FLOW

Vacuum bag

Inlet

Figureb.8 Infusion setup for the Kapton® based sensor

The spectra obtained for the two sensors in air, prior to any infusion, are

presented inFigure5.9.
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Figureb5.9 Spectra ofhe admittance of the Kapto

The measurements confirm a sensor with closer e

n® sensors in air

lectrodes provides a stronger

signal. The imaginary part of both sensors presents a linear dependence with the

frequency. Assuming that the sensor in air can beespnted by an RC circuit, as

discussedn section4.4.3 the imaginary part is given by:

w O 1 (5.3)

D€ Q 0 ¢ '® 0 €1Q (54)
WKSNBE | QQ Aa GKS A Yl 3 Ak thecapaditaNdd of hd G K S
aSyaz2NJ Ay AN IFyR 0KS | y3dz I NJ FNBIj dzSy O«
Ly GKS OFrasS 2F | LISNFSOG w/ FardeOoeA G G F

equal tol. The experimental values obtained are very clwséd, thus confirming

tKS OF LI OAGA@PS yI Gdz2NBE 27

Theadmittance measured while drawing glycerol on
Figure5.10.

. QQo

top of the sensors is given in
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Figure5.10: Real (a) and imaginary (b) part the admittance during the drawing of glycém
top of the Kapton® sensat respectively 136 Hz and 10 kHz
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Fora better understanding of the relationship between the length of the sensor
wetted and the admittance measureéigure5.11 showsthe complex admittance

plotted versus the parentage of the sensacovered byglycerol

1.5E-08
. SK1 _ "
= 2.02E8x- 5.01E09
1.3E-08 | = SK2 Y R2=9.91801
Linear (SK1) .
11E-08 | — Linear (SK2)
E oE-09 |
Q
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= T7E-09 -
>
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3E-09 | R2=19.6801
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Figure5.11 Real (a) and imaginary (b) admittance versus length of the Kapton® sensor wetted by
glycerolat respectivelyi36 Hz and 10 kHz
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The work of ASkordos(Skordoset al. 2000) has shownthat the admittance
measuredduring infusionpresents a linear dependence witihe length of the

sensor covered by the resin
® ® ® 6 O (5.5)
with

a QEMNSIMI Q¢ WEIL QORI Q¢

e (5.6)
0 € OOEDECKIBOMI Qe i €1

Ymeas IS the admittance measured experimentally ai, ffilling, Yo is the

admittance of the fully covered sensor and,Ys theadmittance of thedry sensor

before infusion.

Matching the previous equation with the linearization factors of the curves

shown inFigureb.11, the equation becomes:

& 5% O (5.7)
O 6
d 0 6 (5.8)

L& gy QR Y Ry caf Be calculatedising the coeffients obtained by
linearizingthe experimental resultsThe values fountbr Yyy and Yo are compared
to the experimental valuemeasured by the prototypat the beginning and end of
the infusion experiment The results are presented ifable 5.4 with the
corresponding relative error:

SO Qe Wedwn Qi Q& Qe 0 wa

1 (5.9)
WwQwn Qi Qa'Qe owa
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Table5.4 Experimental and calculated values of admittance fer kKlapton® sensors (in air and
covered by glycero§t 136 Hz and 10 kHz for respectively the real and imaginary part of the
admittance

5 o@calculated 5 o@experimental Relative 5 ga)lgllculated 5 ga)/g(perimental Relative
O MK ML O MK MLl error OMK M O MK MLl error

SK  -5.01x10° 2.8x10° 78.93% 1.0%10° 1.0%10°  1.87%
Sk -2.2X10° -1.3x10°  70.77%  4.3310° 4.2X10° 2.60%

s t@calculated s t@experimental Relative s Qgglculated R ggperimental Relative
O MK ML O MK ML error OMK MI O MK ML error

Sk 1.510% 1.4X10° 6.7  2.17%10° 22107  2.69%
Sk  8.2810° 8.11x10° 2.05% 1.1X10° 1.15X0°  2.26%

A large relative error is observed for the real part of thig sensoradmittance.
This error is in all probability due to the order of magude of the measurments
the values areat the limit of the appaatus detection range, leading consequent

uncertainties.

The other calculated valueshow a good agreemenwith the measured ones,
therefore validating the geometry of thprototype. Despite higher valuesof the
overall admittancerecorded the relative error calculated for the measures
obtained with the sensor $Ks not significantly better than the one calculated for

the sensor SK

The influence of a smaller distance between elece®dn the measurement
accuracy is not significant enough to justify an electrode spacing of 2 Am.
distance of 5 mm between electrodes is technically easier to manufacture and
sensitive enough for the present study, thus it will be favouiedthe buildng of

the subsequent prototypes
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5.4.1.2. Numerical modelling of the infusion of glycerol

In parallel of the new dielectric sensor prototype development presembethe
previous sectiona 3D numerical model of the deviaasbuilt and studied. The aim
of such a mdel 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 modeliig work of the present mject wasdeveloped using the
a2F06I NS /2Yaz2f adf GALKEaAAO0aAn podHDd gAGK
Y2Rdz S o6l &4SR 2y alEgSttQa Sldad idAzyas Aa
models at low frequencied he constitutive equations solved byetlsotware in the

present study are:

na) O (5.10)
v ,O0 Q 0V (5.11)
0 (5.12)

where Jis the current density, Qy, the volumetric source of current inside the
selected modelled layers, the conductivity, E the electric field*51, - 0KS
frequency, D the displacement field, the external current density and V the

voltage.

In order to correctly model the real Ieg materials used in the present study, it
IS necessary to use a constitutive relation. In the cas¢hefdielectric material
studied in the present workthe displacement field D is usedhe current

conservation conditioms thus given by

w T (5.13
o - - @O0 (5.14)
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GKSNBE 9 A& O K& KSE SEEINSAAGI GITAABIRE 267 TNBS
the real and imaginary permittity of the material studied respectively. This

condtion is applied to all domains modelled.

A first simple model of two parallélat wires in air was run and cquared to an
analytical solution(Orphanidis, 1999}o validate the model building technique
before further complexification.The modd was afterwardsiterated, first by
flattening the wires, then by adding th€apton®mnatrix around them and finally by
adding the dielectrianaterial on top of the sensor to create arée dimensional
model of the Kapton® sensor. The geometry of treletwasdesignedas close to
the real sensomspossible, buffor the number of wires. @ly one couple of wires
was investigated in order to minimise tlselvingtime and memory used during the

runsof the model.

The dimension and properties of the difémt componentsused in the

simulationare given iriTable5.5 and Table5.6 respectively.

Table5.5 Dimensions of the Kapton® sensor numerical model components

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

Table5.6 Dielectric properties of the Kapton® sensor numerical model compd®egur, 1953;
Dupont, 2018)

Material /| 2y RdzOG A O ( o) E Q0
Air - 1 0

Kapton® - 3.4 0.01224

Glycerol 108 41.14 -

'| -
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In Table5.65 gycerol COrresponds to the conductivity af KS 3f 8 OSNRf =
 y3dzt || NJ FNBIjdzSy O& 2 %thdipkriittidyEoOffedidpace 2y & A Iy |

The electrodesvere modelled by removinghte volumecorresponding tothe
wires fromthe middle ofthe Kapton® filmvolume The voltage applied to the
electrodesbeinglocalised &the surface of the conductor, nmodelled solid was
necessary to represent the electrode$elfaces of the holes createdere assigned
a voltage 10V for one electrode anch ground (0 Vjor the other. Thebottom of
the Kapbn® layer walkewisegrounded to represent the cdact of the bottom of

the sensomwvith the aluminium bench.

The sensor modelvas surrounded by a rectangular backgroungolume. A
02dzy R NB O2y RAGAZ2Y &5 mnduwit onOrindJeCidr fo thé y & dzt |
surface and &lectric current densitywas appliedon eachsix facesf the volume.

This boundary condition meanhat no currentwas flowing through the faces and
that any potentialwas discontinued across themrlhe background volumevas

assigned the material properties of air.

The entire volume of the mod&lasmeshed with an automatic tetrahedral mesh
2F &EFTAAS S ¢ KS YSak 3SgubnMatidal§efinadlwheré KS & 2 °
the geometry ofthe model requies it. The model was solved for the frequencies
corresponding to the multifrequency analysis performed experimentally and

described in sectiob.3.3

Figure5.12 shows the admittance of the $lsensor inair calculated with the

model.
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Figure5.12 Numerically modelled admittance of the Kapton® sensor in air. Theniteedistance
is set at 2mm

¢KS @IfdzSa 260G AYySR F2NJ |, QgnitugeRuperi@dQ | NB
to the one measued experimentally and shown iRigure5.9. Thisindicates the
numerical model does not accurately predictetisensor response. However, the
imaginary admittance stilpresents a linear dependence tithe frequency, and
the slope of the logarithmic curve m® ¢ KA & AYRAOIFIGSE |, QQ A,
frequency with a factor equal to the capacitance of the modelled RC circuit. Using
the values given by the numerical model, this capacitance is deteanto be
1.2%10™ F. The capacitance value obtained experimentally f@isSK6740%F,

thus giving a large relative error of 176%.

A numericalsimulation of glycerol infusion is nonetheless carried out &mel

admittance obtained for a simulatdfling of the sensor is given Figure5.13.
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Figure5.13 Numerically modelled admittance of the Kapton® sensor during an infusion of
glycerol. The intewire distance is set at 2mm

The values of the admittance modelled are still several orders of magnitude
above the one observed for SiK section5.4.1.1 However, the slopes of the curves

are close to the one recorded experimentally, as showhahble5.7.

Table5.7 Comparison between the gle of the modelled and recordedmittance of SKduring
the infusion of glycerol

{ft2LS . Q {ft2LS ., QQ
Experimental 2.010° 1.08x10°
Model 8.1810" 5.7710°

The numerical model of thEapton®ensor developed is capable of reproducing
the trend observed during the experimentaifusion of glycerol. However, the large
discrepancy between the calculated admittance and the recorded one makes it

impossible to use it as an accurate predictive @asyet.

Several factors can explain the discrepancies between the experimental values
and the modelled ones=xperimentally, the grounding of the sensor is realised by

way of the aluminium bench and the eleode is grounded via the-Diemos
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recordingdevicé LYy (KS Y2RStX GKS a3INRdzyR¢é¢ O2YR
and the bottom of the aluminium plate are the same. This could be a reason for
errors, as the software does not differentiate between ttwveo groundsand the

electric field modelled might be affectedimproperly designated boundary

conditionsmay as well be causing the observed discrepancies.
5.4.1.3. Epoxy infusion and cure

Experimentally, ésts of epoxy infusion and cuveere performedon the Kapto®
sensorto confirmits suitabilityfor the monitoring of theRM-S135 resin systenihe
resinwasmixedwith the hardenerust before being drawn under vacuum on top of

the sensor with the exact same methodology used for glycerol (see séctidh)).

The spectra obtained for different lengibf the sensor SKwetted with epoxy

are given irFigure5.14.
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Figureb.14: Real (a) andmaginary (b) part of the admittance of the sensog &lting infusion of
epoxy resir{l kHz) The percentage indicates the length of the sensor wetted

The spectra obtained for the wetting of the sensor show that the rekias

impactthe 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 rangerom the imginary part of the admittancet
is clear the addition of epoxy transform the circuit formed by the sensor and its
ddzZNNRP dzy RAy3 FNRY | OIF LI OAGAGS aeaidsSy:s
and the length covered, towards a more complex circuit that does not present a

linearity .

The arves obtained at 50% and 100% of the sensor covered are similar to the
one obtained with the resin electrical analogy presentecséttion4.4.3.3, thus

suggesting the sensor is indemderrogatingthe uncured epoxy resin.
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The epoxy resirwasafterward left to cure at room temperature, monitored, for

24 hours. The sensor prototype recedl the variations of the measured

admittance along the cure of the resin, as showfrigure5.15.
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Figureb.15 Variations of the real (a) and imaginary (b) admittance during the infusion and cure of
RSM135epoxy resin on top of the Kapton® based sensor. Five frequencies of excitation are

presented
102



Preliminary Dielectric Sensor Prototypes: Development abbaracteisation

The real adntiance 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
.Q G GKS 0 SE ary febw fie @idnosideté&tioOm@nge. 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 ctirae 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
AGNRY3ISNI aA3ylIES YAYAYAaAYy3d (GKS SELISNRAYS
display a local maximum for frequenciéglow 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 presentdeigare

5.16.

103



Preliminary Dielectric Sensor Prototypes: Development abbaracteisation

'6 T T T 1
) 1 2 3 4
Log f (Hz
4 g f(Hz)
~—~~ ‘8
g
ey
Q
2.9
>_
(@)
(@]
~10
—¢—100 min —0— 150 min
—+—200 min —— 250 min
211 —¥%—300 min ——350 min
———400 min ——450 min
600 min 1368 min
212 -
(@)
'6 T T T 1
) 1 2
Log f (Hz)
-7
£ g
5 R
o)
S
2-9
— —8—5 min —a—50 min
—¢—100 min —0— 150 min
0 —+—200 min —— 250 min
-1 T —¥%—300 min ——350 min
———400 min —o— 450 min
J 600 min 1368 min
-11

(b)

Figure5.16 Spectra of real (a) and imaginary (b) admittance during the cure-oi S epoxy
resin on the Kapton® sensor

The spectra obtained are very similar to the ones presentesettion4.4.3.3

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 kHzis will be further discussed @mapter 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 slightiyher 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 ®ction 2.3.2.2. This featurds especially interesting in the caseaamposite
manufacture, where the thickness of the fiq@eces can reach several centimetres.
Therefore, the distance between the electrodes of the subsequent prototypes will

be set at 5 mm.

5.4.2. PEEKprototypes

The two PEEK sensors presente8l.li3were tested by an infusiowf glycerolin

order to decide of the settings for the final sensor fabrication.

The glycerol infusiomvas realised with the protocol described for the Kapton®
sensor in sectio®.4.1.1 Each PEEK senswmascleaned with acetone, taped tdé
aluminium bench before being covered with an infusion mesh and vacuum bagged.
The admittance variations with the length of the sensor wetted are givefigare

5.17 andFigure5.18.
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Figure5.18 Real and imaginary admittance versus length of@Rted by glyceroht 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 givenTiable5.8.
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Table5.8 Experimental and calculated values of admittance for the PEEK sensors (in air and
covered by glycerol)

5 o@calculated 5 QQexperimentaI Relative 5 @y%lculated 5 ga)/g(perimenta\ Relative
OMKMI O MKMI error OMKMI O MKM!I error

SR -1.70x10°  -1.20x10° 85.83% 2.2810° 2.4410°%  6.56%
SB 1.01x10° 1.25¢10° 19.20% 9.41x10°® 9.5x10%  0.95%

R tgt)calculated s t@experimental Relative R Qtsglculated R ggperimental Relative
OMKMI OMKMI error OMKMI O MKMI error

SR 1.51x10°8 1.64x10% 7.93% 8.5(x10" 8.55%10°  2.69%
SR 1.41x10°8 1.4x10° 0.79%  4.5510° 4510 0.63%

For both sensors, the largest error is observed for the real admittance ofrthe d
sensor because of the very small values measusedsor SPprovides 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.
5.5.Chapter Summary

The geometry of the new dielectric sensor to be buwilas investigated by
manufacturing and testing several prototypes. After briefly examining the idea of a
PCB sensor and finding it unsuitable, a sensor madlatafopper wires taped to an
aluminium platewas built and tested by following an infusion of glycerol. The
infusion and cure of epoxy resimere also monitored using this prototype. These
sets of experiments confirm the suitability of two parallel flat etedes 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 prototypealesign

In parallel, a numerical 3D model forethinfusion of glycerol on top of the
Kapton® sensowas developed. Itsresults are promising despitdiscrepantes

being present.
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Two prototypes of flexible dielectric sensors based on a PEEK mateuilt in
order to validate the final sensor manuface protocol, as well as determining the
best layout for the final sensor prototype. After characterisingstihsensors using a
glycerol infusion, itwas established that the best design for the final sensor
prototype is copper electrodes 5 mm apart preBRse Ay 2 | mMHp >Y (K
PEEK.
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6. Final Prototype of the Flexible Dielectric Sensor

6.1.Scope and objectives

In this chapter, the fabrication of the final PEEK sensor prototype is described.
The response of this device during the infusion and cutb®R8VI135epoxy resin
is studied, before the influence of the glass fibre reinforcement on the
measurements obtainedluring both infusion and cure is examined. Finally, the
results given by the dielectric sensprototype for the cure of the epoxy resirrea
compared with the ones obtained during the epoxy cure characterisation discussed

in chapter3.
6.2.Sensor prototype fabrication

The final PEEK based sensor Wwagt in a similar way than the $Prototype
studiedin chapter5. Flat copper wiresvere 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 ncorporated 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 butlde SR sensor insection5.2.3
was followed, with the same materials. A Kapton®elease filmwas laid on the
J3dZARAY3 (22f 0SF2NBE o0SAy3d O20SNBR o6& |
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60 flat copper wires 0.05 mm thick and 1.5 mm widere cut to form the
electrodes of the sensor. The copper electrodesre cleaned by immersing the
wires into a 10% solution of HCI 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 epppreswas
ensured by taping them at the back of the tool with Kapton® fesistant tape.

{ KAYa wmnwerep¥aced & allGour corners of the PEEK square to guaranty
an even repartition of the thermoplastic when melting, as well as a good inclusion
of the cqper wires in the PEEK matrix. A second layer of Kapton® releaseaim

placed on top before anothdtat aluminium plate.

The whole stackvas placed in a Fontjine thermal press, model Labpro 600. A
pressure of 20 kN is applied while the pressis hedtdd oTn 6/ ® ¢ KAa
was maintained for 15 minutes to ensure an even melting and flow of the PEEK,
before the pressvascooled down to room temperature. The presswrasreleased

and the sensor prototype removed from the aluminium plates.

The rdease filmwaspeeled;the oxidized copper electrodesere cleaned with a
10% HCI solution before being soldered to female 50 Ohm BNC cable connectors in

order to be connected to the-Biemos device.

Finally, Kapton® tapeas applied to the PEEKch surface of the prototype in
order to limit the adherence of the cured compositethe deviceand add an extra
layer of protection. This step enswte¢he prototype could be reused for several
experiments without being damaged. The senswas taped on an aluminim
bench, acting like an electrical ground. Consequently, when a valtagapplied to
the different electrodes, the electric field createddk the shape of a senuylinder

on top of the sensor electrodes, where the material to investigadsplaced.
A picture of the finished sensor is presentedrigure6.1.
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Figure6.1 Final sensor prototype

6.3.Prototype characterisation in air

The response of the sensors before infusieas studied in order to obtain the
characteristics of the system without resin. In the following sectibe 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 threeslafaglass 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 experimeavas purposefully started a few
minutes before the resinwas drawn into the vacuum bag. This alled the
collection of several measures of tligy sensorsadmittance. An average of the
values recorded during this timevas calculated for each frequency and the

resulting spectra are shown Figure6.2.
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Figure6.2 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 @mittance 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 imaginar

admittance is expressed by

w 0 T 6.1)

frequency.

C2NJ ff &aSyazNaX (KS 23 NRIKYACGheLJ 20 a
capacitive nature of the imaginary admittance. Using the coefficienthefnon
logarithmiccurves for the imaginary admittance versus frequency, the capacitances

of the different dry sensors can be extracted. They are presenté&dlite6.1.
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Table6.1 Capacitance obtained experimentally for sensor with and without glass fibre
reinforcement

No reinforcement 3 layers of glass fibre 6 layers of glass fibre
GensofFa 9.24x10"? 2.17x10™M 2.5410™

The addition of glass fibre reinforcement seems #hightly increase the
capacitance of the dry sensor. However, the change observed when increasing the

number of glass fibre layers too small to draw clear conclusions
6.4.Infusion pr ocess

The infusion of on top of the sensor prototypeas carried out as described in
section 5.3.2 Three sets of measurents taken during the wetting of the
prototype are presented in the following sections: oset wasrecorded duringan
infusion of glycerol only, onduring an infusion of epoxy resin through a stack of
three layers of glass fibres and the last ahgingan infusion of epoxy through six
layers of glass fibres. The aim of this setting is to validate the sesbtained with
the new prototype by applying the work of 8kordogSkordost al.2000) to them.
The potential influence of glass fibres layers on the sensor respomsealso

investigated.

For the rest of the present research, the four sessamtdressed by the dielectric
monitoring device are identified as sensor 3)( sensor 2%), €nsor 3 &) and
sensor 4 %&,). 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 thsits measures are omitted.
6.4.1. Glycerol

The normalised cwes for the real and imaginary part of the admittance versus

time at 10 kHz during the infusion of glycerol are showRigure6.3.
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Figure6.3 Real (a) and imaginary (Bpmittance for three sensors of the final prototype during an
infusion of glycerol (normalised)
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before the infusion begins. It corresponds to the admittance of the sensder
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vacuum, before the glycerol is pulled in and the infusion begins, as discussed in
section6.3. When the clench is opened, the glycerol flows and touches the sensors

one after the other As soon as a sensor starts to beared by glycerol, a jump in
020K GKS AYF3IAYFENEB YR NBFf LINIL 2F GKS
almost linearly as the glycerol progresses along the length of the sensors. The
curves reach a second plateau as the infusion is complete aadathount of

material covering the sensors no longer varies.

A shift toward higher times is observdsttween the curves of each sensdrhis
shift is due to the time it takes the viscous liquid to progralemgthe sensorarray
and reach each sensor. Theeaage time delay observed betweep&d 3 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
sensoradmittance measured, the graph iRigure 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 ser(§), and the end point
(100%) is taken when the fourth seng@&) is fully covered, or when the glycerol
front does not progress anymore and the infusion is considered complédte.
determination of the percentage of the sensor wetted is done optically, by using

recorded videos of the infusion process.
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Figure6.4 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 gection5.4.1.] it is possible to extract a

value for the admittance of the sensboth dry and covered by glycerol using the
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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 irdnsas shown inrable
6.2.

Table6.2 Value for the admittance of the dry sensor obtained with linearization, experimentally
and their relative error

s @calculated s o@expelimental Relative s @y@dculated R @y@xperimenta Relative
OMK MO OMK MU error OMK MU OMK MO error

S 2.53x10° 4.31x10° 41.30% 2.97x10 1.17x10" 153.85%
S 1.99x10° 1.60x10° 24.38% 1.36x10’ 1.07x10°  27.10%
S, 8.30x10' 8.70x10° 4.60%  7.60x10° 8.62x10%  11.83%

N ch calculated CQ«/ experimental Relative N @v@alculated N Q}@xperimenta Relative
OMK MU oMK MmO error OMK MU OMK MU error

S 1.49x10° 1.50x10° 0.47%  8.65x10’ 7.86x10°  10.56%
) 1.85x10° 1.82x10° 159% 6.95x10 6.60x10°  5.30%
S 1.42x10° 1.58x1¢¢ 9.94% 5.27x10 537x10  1.86%

The relative error for the values of §fis relatively highlt can be explained by
the small value of the admittance of the sensor in air. The slightest discrepancy in
the values of the linearation curve can have a signifitampact 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 benportant.

The relative error observed for the values df.Yis more accepble except for

sensor number 2.
6.4.2. 3 Layers of reinforcement

Three layers of glass fibregere placed into the vacuum bag before infusion. The
curves for the real and imaginary pasf the admittance versus time at 10 kHz

during the resin infusion are shown kgure6.5. The shape of the curves exhibits
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the plateau before the beginning of the infusion, the linear increase and second

plateauat the end of infision.
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Figure6.5 Variations of the real (a) and imaginary (b) admittance versus time during the infusion
of R&M135 resin through 3 layers of glass fibre reinforcement (normalised)
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The shift ofthe 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 thelgss 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
consideringthe debit of the resin is conaht. The time delay betweeni;&nd $ 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 lat and outlet, as presented i5.3.2 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 alreadypdwially
covered. This is especially true in the case of sensor 3 and 4, furtimerttie 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 addedht curves between

40% and 100% wetting, as showrFigure6.6.
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Figure6.6 Real (a) and imaginary (b) admittance versus percentage of the sensor wetted during
the infusion of RGI135 resin through 6 layers of glass fibre reinforcement

CKS gt dzg8 adgy RENY R Lar® thce again calculated from the

parameters of the respective linear trends and compared to the experimental

values. The results are shownTiable6.3.
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Table6.3 Value for the admittance of the dry sensor with 3 layers of glass fibres obtained with
linearization, experimentally and their relative error

5 @calculated 5 o@experimental Relative 5 @y%lculated 5 ga)/g(perimenta Relative

OMK M| OMK M error O MK M O MK M error
S  7.2x10°® 6.00<10"°  11900.00% 2.5310° 2.2%107  10.48%
S 2.1%10°® 1.00<10°  2070.00% 2.51x107 218107  15.14%
S 9.2&10° 8.0x10%°  1060.00%  2.27%10" 2.11x107 7.58%
S l.ixao0® 1.3x10° 761.54%  2.0810° 1.8810° 10.64%
5 t@calculated 5 t@experimental Relative 5 g@lculated 5 @Qperimental Relative
OMK M| OMK M error O MK M O MK M error
S 1.8x10’ 1.85¢10" 2.70% 4.9010” 4.90<10” 0.00%
S  1.62107 1.55¢10" 4.32% 4.60x107 45107 2.22%
S  1.2x107 1.15¢107 4.59% 4.2310" 4.05¢10" 4.44%
S 1.0m10’ 1.00x10” 6.50% 3.7510” 3.6310” 3.31%

I £ F NBS NBT Igflish dis®rve8 NOsRoNbe Te2ghall ex@erimental
g tdzS> G GKS @SNE fAYAG 2F GKS F LI NI
YFEIYyAilddzZRS KAIKSNI GKIFyYy | QF (st afiBHSISNRA Y Sy

translates to a better relative error. The addition of glass fibre reinforcement seem

to increase the incertitude on the measures.
6.4.3. 6 Layers of reinforcement

To investigate the influence of the number of reinforcement layers on the
admittance measured, amfusionwasdone through 6 layers of glass fibres stacked
on top of the sensoarray. The normalised curves for the real and imaginary part of
the admittance versus time at 10 kHz are showrkigure6.7. Once again, all the
curves exhibit a plateau before the beginning of the infusion, a linear increase and a

secand plateau at the end of infusion.
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Figure6.7 Variations of the real (a) and imaginary (b) admittance versus time during the infusion
of R&M135 resin through 6 layers of glass fibre reinforcet{@ormalised)
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The shift of the curves on the right is still visible, but the time delay betwgen S
and S is increased by 25 seconds compared to the infusion with 3 layers of glass
fibres. Effectively, the epoxy resin flows in three dimensions, wettihg
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 fabrc. This would explain the extended infusion time observed.

The curves presented ifrigure 6.7 show some anomalies in their shape,
especiallyin the case of5. This is due to a minor leak in the vacuum bag, detected

and repaired at the end of the infusiphefore cure

The linearity of the signal during infusion with is nonetheless observed after 40%

of the sensors are covered. This is further displaydeidgure6.8.
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Figure6.8 Real (a) and imaginary (b) admittance versus percentage of the sensor wetted during
the infusion of R#135 resin through 6 layers ofagis fibre reinforcement

l'a LINBOA2dzaf & RA akbdza,d®R ¥ Rl ¢aBiR dictlate8 3 T2 N
from the linearization of the curves and compared to the experimental values, as

shown inTable6.4.

Af I NBS NBtFGIADGS SNNEBN F2NJ , QRNE A& 204
layers of glass fibres, for the same reasons. However, the discrepancy between
SELISNARAYSyGl ¢ YR fAYSIENART SR @I fdzSa NBY!
acceptable. The aforeentioned leak is likely to have had an impact on the

measured values as well.
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Table6.4 Value of the admittance of the dry sensor with 6 layers of glass fibres obtained with
linearization, experimentallyral their relative error

5 @calculated 5 o@experimental Relative 5 @y%lculated 5 ga)/g(perimenta Relative

OMK M| O MK M error O MK M O MK M error
S -5.5x10° 2.2x10"°  27600.00% 8.25¢10° 220107 62.50%
S  -4.44x10° 9.0x10"™°  4988.89%  2.16x10° 255107  15.29%
S -5.2X10° 9.70x<10°  5481.44%  1.4%10’ 2.35%107  36.60%
S -3.4%10° 1.4x10°  2585.71%  1.4510 2.03.100  28.57%
, t(s?calculated , t@?xperimental Relative QQlculated , @ Qperimental Relative
OMK MI OMK M error O MK M OMK M error
S 1.66x10’ 1.4%107 11.41%  4.7%10° 4.9510" 2.72%
S 176107 1.9010" 7.37% 5.11x10" 5.17%10" 1.16%
S 1.08107 1.36x10” 20.74%  4.2210° 4.45¢10" 5.17%
S 9.1x10°® 1.17%107 22.05% 3.5%10" 3.1%107 13.25%

The addition of glass fibres does not make aifant 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 srealtalues of the admittace.

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 electrodgslaced at various distances from the entry point
of the resin, the flow can be monitored not only along the length of the electspde
but also across the group of sensgattsuseffectivelygiving access to the flow in two

dimensions
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6.5.Composite cure

After the infusions presented in secti@¥, the resinwasleft to cureat ambient
temperature for 24 hours as described section5.3.2 The imaginary admittance

wasrecorded for differentfrequencies along the wholeaction.

Each experiment providkfour sets of data corresponding to the four sensors
addressed by the-Diemos. For the sake of clarity, the following paragraphs will

present only one of each set of results.
6.5.1. Epoxy only

The curves obtainednhile monitoring the imaginary admittance during tloaire
of the unreinforced epoxy resin are shownHRigure6.9. The response of one sensor

for five different frequencies is presented.
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Figure6.9 Real (a) an imaginary (Rdmittance variations during the cure of RI&35 resin

The higher values for both the real and imaginary parts of the admittance are

obtained for a frequency of 1Q 1 T = G6AGK ., Q YR , QQ NBI (

respectively 106107 m* and 3.0610° m*. Smaller values of the excitation

frequencies lead to smaller values of the admittance.

For 858 Hand 10 kHz, the admittance decreases as the cure progresses with
time before reaching a plateau value. Between 200 and 400 minutesref the
OdzNBS F2NJ , Q LINBaSyid | £20Ff YIEAYdzY:
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
0KS 0S3IAYYAYy3d 2F (KS OdzNBX GKS @I f dzSa

the detection range of the-Diemos. Therefore, they are not visible on the plot.

When the same cwes are plotted on a logarithmic scale, the difference in the

shape of the curves with frequency is made more obvious, as shokigune6.10.
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Figure6.10 Variations of tle real (a) an imaginary (b) admittance during the cure eVRS5
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 fiSlj dzSy 0& 2F SEOAGlI GA2Y RSONBIFI&aSae ¢KS
noise, likely due to the-Diemos apparatus detection rangéhe curve of the real

part of the admittance recorded at 10 kHz presents a split near the end of the
infusion. It is kely created by the sens@nd 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 seento vary with the frequency. The signal obtained at 1 Hz also presents
noise when the valueof the admittancereach the eDiemos lower limit of

detection.

The local maximum of the admittance correspond to the dipolar relaxation
(Gallone et al. 2001; Nixdorf and Buss001) Despite being averaged for
modelisaton purposes, theelaxation of the different dipoles present in the epoxy
resin Gee section4.3.3 actually occurs with different characteristic times
depending on the mobility and the surroundings of the dipoles. At the beginoi
the cure, ionic conductivity dominates the signal, as discussesedation 4.3.1
However, the resin curéhinders the circulation of charges by increasing the
molecular weight of the polymer, then forming the 3D network.tidt 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, leadirtgeto

modification of their characteristic time arttle eventual decrease in their signal.

In order to better investigate the relationship between admittance and
frequency, the spect of the admittance at different time of cure is presented in
Figure6.11.
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Figure6.11 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 presentedaation4.4.2.4 thus

validating the hypothesis of a predominance of the ionic conductivity contribution
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to the permittivity of the resin studiedThey are howeer not exactly the same,
thus corroboratng that the dipoleselaxationdoes play a role in thesignalwhile

the cure is happeninglbeit 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 digssed further in sectioh.6.
6.5.2. 3 Layers of glass fibres

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 showRigure6.12.
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Figure6.12 Variations of the reala) an imaginary (b) admittance during the cure ofNRE35
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 resithus prowng the flexible sensor
developed is capable of following the cure of glass fibre reinforced compo3ites
dipolar relaxation are still visible, corroborating the work of Nixdorf and Busse on
the influence on glass fibre reinforcement of epoxies permitifi (Nixdorf and
Busse2001)

The specta for the cure of the three layereinforced composite are shown in
Figure6.13. 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 toffact the resin cure mechanism, nor hinder the

monitoring of the cure with the sensor prototype developed.
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Figure6.13 Spectra of the real (a) and imaginary (b) admittance during the cure aftR&
M135 resin reinforced with 3 layers of woven glass fibre
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